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ABSTRACT 


Cytogenetic studies indicate that the purine-requiring 
auxotrophs of Drosophtla melanogaster, purl-1, pur1-2, and guai-1"* 
are located within bands 9El and 9E3 on the first chromosome. 

Radioactive tracer studies on wild-type larvae suggest the 
presence of hypoxanthine-guanine phosphoribosyltransferase, inosine 
and guanosine kinases, guanine and adenosine deaminases, xanthine 
dehydrogenase, and uricase. Hypoxanthine-guanine phosphoribosyl- 
transferase appeared not to be very active with guanine as a substrate, 
but its activity with hypoxanthine was definitive though modest. 

GMP reductase activity was found to be almost negligible. Radioactive 
formate was extensively incorporated into purine nucleotides. 

Similar biochemical studies on the purine auxotrophs purl-i, 
purl-2, and gua2-1 failed to produce any clear-cut results which would 
resolve the cause of the auxotrophic phenotype. Evidence was presented 
which suggests that the ade2-1 mutant is deficient in guanine deaminase 
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CHAPTER I INTRODUCTION 


A The Problem 


In recent years a number of mutants of Drosophtia have been 
isolated which appear to be deficient in purine metabolism (Falk and 
Nash, 1974; Naguib, 1976; Nash, unpublished). These mutants do not 
survive on defined medium without the addition of a purine nucleoside. 
These workers have suggested that such mutants may have biochemical 
blocks either in purine biosynthesis de novo or in enzymes involved in 
purine interconversion which leave them without enough purines to 
survive. Under these circumstances, the purines supplied by the medium 
were assumed to be utilized by the mutants to synthesize the purine 
nucleotides needed for survival. These assumptions had never been 
tested biochemically, however. The necessity of such tests to confirm 
the hypotheses concerning the bases of the auxotrophy of these mutants 
prompted the major part of the research described in this thesis. 

The map locations of three of the mutants studied, puri-i, 
puri-2, and gudi-1 had only been approximated by Falk (1973). 
Another aspect of the research undertaken as part of this project 
involved a series of crosses of these mutants to stocks containing 
overlapping deletions of the region of the first chromosome believed 
to contain the three mutants. The results-of these crosses permit 
relatively precise localization of the mutations. 

Henderson et al. (1977) have pointed out some of the important 
disadvantages of extrapolating results obtained from enzyme studies 
on cell extracts to the metabolism of intact cells. It was decided to 


conduct the biochemical investigation of the purine-requiring mutants 
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on whole larvae, as an intact system, in the hope that the biochemical 
deficiencies were an intrinsic part of the entire organism. Radio- 
active tracer compounds were employed to elucidate both the normal 
pathways of purine metabolism in wild-type Drosophila, since this had 
not been done before, and the ostensibly deficient pathways of the 


auxotrophs. 


B Review of Purine Metabolism 


it is generally accepted that the pathway of de novo synthesis 
of IMP, shown in Figure I-1, is universal where such synthesis occurs 
(Henderson, 1972). Hereafter in this text, "de HOO synthesis" will 
refer to this pathway. The first step, the synthesis of phosphoribo- 
sylamine from PRPP and glutamine, is catalyzed by PRPP amidotransferase. 
The enzyme, according to tn vittro studies, is involved in endproduct 
inhibition. Although it is widely believed to catalyze the rate- 
limiting step in the pathway, Henderson (1972) has suggested that much 
more investigation is necessary before this can be concluded for any 
intact cell system, and that most evidence in animal cells points to 
PRPP synthetase as a more likely site of inhibition. He also suggested 
that the sensitivity of the rate of purine synthesis to substrate 
concentrations might also be important in regulation of the pathway. 

Figure I-2 shows a general scheme of purine interconversion in 
animal tissues. The relative importance of many of these enzymes is 
quite variable, depending on the organism or cell type studied. For a 
detailed discussion of these pathways, see the review by Murray (1971). 


The enzyme which converts either hypoxanthine or guanine to its 
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Figure J[-1 


Pathway of Purine Biosynthesis de novo 


(From Henderson, 1972) 
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appropriate nucleotide is officially called hypoxanthine-guanine 
phosphoribosyltransferase. However, in referring to one substrate in 
particular the other name is often dropped, and this convention will 


usually be followed in this text. 


C Biochemical Studies on Purine Metabolism in Dipterans 


Purine metabolism in Dipterans has not been widely studied, 
aside from the extensive work done on Drosophila mutants deficient in 
xanthine dehydrogenase. This work has been reviewed by Dickinson and 
Sullivan (1975), and will not be discussed here. 


Miller and Perry (1968) injected females of Musca domestica with 


14C-formate and found substantial incorporation of the precursor into 
purines extracted from ovarian samples. A more extensive study using 
the same system was performed by Miller and Collins (1973) which 
revealed several peculiarities of purine metabolism in this organism. 
Since radioactive adenine was incorporated into both adenine and 
guanine bases of DNA, they concluded that adenine phosphoribosyl- 
transferase as well as AMP deaminase were present in Musca ovaries 
(assuming that AMP deaminase converted adenine, as AMP, to IMP). 

The absence of incorporation of radioactive hypoxanthine or guanine 
into DNA led them to conclude that hypoxanthine-guanine phosphoribosyl- 
transferase was not present in this tissue. On the other hand, radio- 
active guanosine was readily incorporated into DNA guanine but not 
adenine, indicating the activity of guanosine kinase and the apparent 
absence of GMP reductase. Since guanine was not utilized for DNA 


despite the presence of the kinase, they concluded that guanosine 
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phosphorylase, if present, lacked anabolic activity. However, these 
workers did not study catabolism of the radioactive compounds, and it 
may be that a very active guanine deaminase prevented recovery of 
labelled nucleotides, whether formed via guanine phosphoribosyl- 
transferase or guanosine phosphorylase (and guanosine kinase). They 
also found that the presence of 6-mercaptopurine riboside, but not its 
corresponding base, caused sterility of females, lending added support 
for the conclusion that the phosphoribosyltransferase is absent. 
Nelson (1964) studied uricase activity at various developmental times 
in this organism and found activity in larvae and adults a few hours 
after emergence, but not in pupae or newly emerged adults. He studied 
extracts of whole eggs, larvae, and pupae, and of Malphigian tubules 
of adults. 

In the discussion of papers which follows, all work has been 
done using Drosophila melanogaster. Becker's work (1974a, 1974b, 1975) 
has been the most extensive. He studied chiefly extracts of cultured 
cells, with some experiments on larval imaginal disc and adult extracts 
of the yellow mutant. He found adenine phosphoribosyltransferase; 
adenosine kinase; deaminases for AMP, adenine, adenosine, and guanine; 
inosine and guanosine phosphorylase (base to nucleoside); IMP 
dehydrogenase; XMP aminase; and xanthine oxidase (in larval discs and 
adults but not cells). He failed to find activity of hypoxanthine- 
guanine phosphoribosyltransferase, guanosine kinase, adenosine 
phosphorylase, or GMP reductase. These findings are similar to those 
of Miller and Collins (1973) except for guanosine kinase and guanosine 
phosphorylase. In studies on intact cells (1975), he found that 


adenosine was not well utilized for nucleic acid synthesis, which he 
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presumed to be due to an active adenosine deaminase coupled with the 
absence of inosine kinase or hypoxanthine phosphoribosyltransferase. 
Wagner and Mitchell (1948) used an assay for adenosine deaminase as a 
measure of growth in their study of Drosophtla nutrition. 

Wyss (1977), on the ener hand, in studies of cultured cells 
found that inosine, adenine, and adenosine could rescue cells grown on 
methotrexate, which blocks purine synthesis. Since hypoxanthine was 
not effective in rescueing such cells, he concluded that hypoxanthine 


phosphoribosyltransferase was absent and that inosine must therefore be 


salvaged via inosine kinase. He also speculated on the basis of his 
and Becker's results that purine auxotrophs of Drosophila were most 
likely regulatory mutants, with the supplement required for normal 
function of feedback systems rather than as a structural component of 
nucleic acid. 

Sensitivity of wild-type Drosophila to 6-thioguanine and 
8-azaguanine but not to 6-mercaptopurine led Clynes and Duke (1976) 
to hypothesize the existence of a hypoxanthine-guanine phosphoribosyl- 
transferase different in substrate specificity from the mammalian 
enzyme. They fed these drugs in a special medium and studied 
developmental patterns. 

Hodge and Glassman (1967) found no adenine deaminase activity in 
the third instar larval extracts they studied. They determined that 
guanine deaminase was present in the Pacific wild-type strain, and 
found no significant conversion of uric acid to allantoin in either 
the Pacific or the Canton S strains. Seecof (1961) also found 


substantial guanine deaminase activity in adult extracts. 
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Morita (1964) studied the enzyme which converts both hypoxanthine 
to xanthine and xanthine to uric acid and determined that the form 
present in Drosophila is xanthine dehydrogenase, not xanthine oxidase. 
He found guanine deaminase activity but no appreciable purine nucleoside 
phosphorylase activity in pupal or adult extracts of the Oregon R strain. 

Horikawa et al. (1967), assayed xanthine dehydrogenase activity 
in cultured embryonic cells of the Oregon R strain. They found that 
the presence of hypoxanthine in the medium depressed enzyme activity, 
which they attributed to the presence of more product, since uric acid 
also inhibited the enzyme. 

These results can be summarized by the pathway shown in Figure 
I-3, which shows the pathways of purine interconversion found in 
Dipterans. Those which are disputed or thought to be absent are shown 
in dashed lines, and the references to work done on each enzyme are 
shown beside the appropriate arrow. For names of the enzymes see 
Figure I-2. 

A large part of the research in the present work involves 
control studies which shed more light on the activity of many of these 
enzymes in wild-type Drosophila. Because of the diversity of the 
projects which are part of this thesis, it was decided to include the 
results, discussion, and conclusions for each part of the research in 
separate chapters. Thus Chapter III describes the cytogenetic studies, 
Chapter IV includes the biochemical studies pabvaldscrne Drosophila, 


and Chapter V contains the biochemical studies on the purine-requiring 


mutants. 


i} 


208 Sian Agog SshVHOS. doiik 9 


, x eh : As, 4 
yuk aay shes ban iragd st 4 tei 4 
; Phe hie We: "i aR 
72802 'eo anit naae 3h Saree a ok | 
PHLESHLIUN SHETUG  ZIGHLIPTICS: Ori 


raade 3 Rego 9b th eager Ke A Wier 20 G 


YS EVIL ISI PIG BO TON ib Sok SEEM Sheree “ees ‘ - 


Tee | aut oN, O29" ae nz tel ote a3 visite 


~ fs 
i 1 


WES wee 72a MV LBS arty fri omlats aM 


‘¢ . ree be ae ‘On BG SONGE SAG sate ‘@) peer 


‘ Pa Bineayb jana. ; 
ii pos gaia Sih, red: Bee a ys 
% (6fetaviesteial id, bot eye “pain Zany atin 


; 4 Lae Pye ie > SiO! Ey ® y Ba seypaeh ove ig bi pein, iis 


“rf 8) Jobs | Kan UxGOe Gs onto ry? 37 ih Len: ‘aang 


Y 20 Peed 708) lec te eee 


t : 


is * 


} . ; .  eiaing 
ind ae ss | iit tit) one doa oy, ie Toeee) 


1 2a ateg haha aus i dues wide, LSS, Carb es 
vrtoistbbiaas 2 aan sigstpigoanis uy in Pre 

pit Achy aah 2 aut alte Ap $30G ‘tee Havsae iy 
st-dptaasee alien aie ‘boca wie taut Lava, nokeeunilh, 
2biyun otheteeiees re cs a viol 

ra ys rs Sot jab heute wat od oe avis a * anal 


ndi3 tena ca seneniivld mt ating 9 
a) oR 


4 


rr 
ay 
oe 
2 
a 


i 
iy «Jae 
& 


on 
& =, 


= give? 


a 
1 


TE Se 


wey A Te Part as van 
Fi wae ae 
Fi an A . Lee : 
ri a) : * pte = 
: ao Ate y ai 
oi 


one Ga 


LANCOME 


OLE nm 
e1*Zt'st 
Sa rpee rererie  a? erorceergeeserget a gust hee Greed ag Se Ce ore ar ner ee 
Ve ZEott OLS St 1G oe O1°s 
eee ee eee oak 
Hiect es tn 7. i LAs mi a 
vl vi / yi yi 
YON UX YH <—$__—————— 
\ 66ethez ‘\ LOSS 
a \ 
{oe \ 
Gcz ne) G 
: \ j 
x / ve i % 
B&B 
dw LX 0880 ee SDD Oe — 
“\ S S a 
ial _——- 
Sa ee eer : a ee 
i Go Ce 
OR OWL OT 


sueioyditqg UL UOTSIOAUODZO4UT SsuTINg Fo sXkemyied 


cs 


-[ 9ansty 


ae 


“aoueseid 
S}I SuTpiessr sj[NsoL BuUTOTTJUODS IO swkzus 
ue FO 9dUSSGe 94} TOYIO S}LOTPUT SOUTT poyUseg 


(L961) “Te 30 eMeYTIOH 6, 
(y96T) eITIOW 2, 
(1961) 0990S {7 


(L961) ueusseT5 pue o3poH 5, 


(9L61) 94NG pue soukT) P 


(4261) SSM 


(S761) TT©Yy3tW pue 
| (SL6T) 
(47261) 

- (epl6T) 

(7961) 

(€Z61) SUTTTOD pue 


-(8961) Aatzeg pue 


Louse , 


I9yoeg 


wo 


Loyoog 


wn 


Iayeq 


= 


UOSTON ¢ 
ZOTITH z 


LOTIIW 1 


7 ‘ 


; ta 


‘ ake on Mins “| % 


ve af 
ae } Ake 


~ Py 
7 3 ‘ * 
; 
. oe - 4% 
~Se, 
: 
. . v 
* 
7 ‘ 
; 
r 
i ‘ 
7 
Mit 
+t 
x 
A Pa : i 25e) T 
a ; 
A 
t 7 es 
> * ” ~ ALLS Ao: 
ee i: = 
, i he } 
. 7 ob + 
p c 
a 
t ‘ La : 
: ? ne paiiSar hs «it “e eg 
3 be ; ie 


> 


ea 


, sour ; 

Sf ' at 
ye 

tee 


a *) 


CHAPTER II MATERIALS AND METHODS 
A Stocks 


Cytogenetic mapping experiments were performed using three 
purine nucleoside-requiring stocks carrying mutations on the X chrom- 
osome: purl-1, purl-2, and gual-1°° . These were tested in crosses to 
four stocks carrying small overlapping deletions close to the region of 
the X chromosome to which these mutants had been mapped (Falk, 1973). 

A fourth one of Falk's mutants, poeta dane the wild-type stock from 
which all four mutants were derived were also crossed to the deletion 
stocks, as controls (the ape mutant maps in an entirely different 
region from these mutants). Biochemical analyses were carried out on 
five purine auxotrophic mutants, three of them mentioned above (puri-1, 
puri-2, and adein1®%, and two located on the second chromosome, ade2-1 
(Naguib, 1976), and gua2-1 (Johnson, Nash and Henderson, 1977). All 
stocks used are listed and described in Table II-1. Stocks were 


maintained at 25°C. 


B Crosses 


Deletion mapping of three of the mutants above was carried out 
using the following procedure. Females, heterozygous for the deletion 
and the dominant mutation Bar, were crossed to mutant males. The 
female progeny were scored for the proportion of mutant/deletion hetero- 
zygotes (see Figure Ji-la for an example of ‘this seross).. With stock 
number 2, it was necessary to separate the duplication from the 
deletion in the progeny, so a slightly more complicated series of 


crosses was required. This is illustrated in Figure II-1b. 
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Figure II-1. 
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Purine Auxotrophs 
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Diagrams of Typical Crosses Performed to Map X-linked 
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genotype. Only female 
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Crosses were carried out axenically on yeast and on Sang's medium 
(see below) at 25°C and 29°C. 

Recombination in the females of the above crosses was suppressed 
by the presence of inversion on the Bar X chromosome. Hence, segrega- 
tion of B from ar can be taken as a measure of the segregation of the 


deletions from their undeleted homologues. 


C Axenic Culture 


Studies on nutritional mutants require that experiments be 
carried out free of microbial contamination. This was accomplished by 
sterilizing the stocks used, raising them on sterile medium, and 
transferring them in sterile rooms or hoods. 

The initial sterilization was carried out on eggs: To collect 
eggs, adults were fed on live yeast paste for three days, then placed 
on a 1.5% agar medium to lay for 12 hours. These were sterilized by 
immersion for 30 minutes in a freshly filtered solution of 3% calcium 
hypochlorite. The eggs were then removed by filtration, rinsed 
three times in sterile Ringer's solution (NaCl 7.5g, KCl 0.35g, 

CaCl» 0.21 g, H20 1000 ml) (Ephrussi and Beadle, 1936), and placed in 
sterile culture vials. 

Stocks were maintained and some experiments carried out on a 
yeast medium containing antibiotics to prevent contamination (see Table 
II-2A for composition). Experiments requiring defined medium were 
carried out on a modification of Sang's (1956) medium (see el Kouni 
and Nash, 1974; and Table II-2B). Periodically, stocks were checked 
for contamination by plating a sample of medium on a microbial culture 


medium (see Table II-2C). 
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Table II-2. Composition of Media 


A. Yeast Medium 


Brewer's Yeast 12250°-9 Penicillin*® 25,000 
Sucrose 10.00 g Propionic acid* 1.00 
Granulated agar 2.00 g Water 90.00 
Streptomycin 25.00 mg 


B. Defined Medium 


Agar (Oxoid No. 3) 2.50 gq  ~° Biotin 0.16 mg 
Casein (Vitamin-Free) 5.50 g Folic acid 0.30 ing 
Sucrose 0.75 g NaHCO3 (anhydrous) 140.00 mg 
Cholesterol 0.03 g KH2P0, (anhydrous) 183.00 mg 
Lecithin 0.40 g KoHPO, (anhydrous) 189.00 mg 
Thiamine 0.20 mg MgSO, (anhydrous) 62.00 mg 
Riboflavin 0.10 mg *Streptomycin 13.20 mg 
Ca Pantothenate 1.60 mg *Penicillin 25,0002 LU 
Pyridoxine 0.25 mg Water to 100 ml 
C. Microbial Testing Medium (YEPD) 

Agar T2500 Peptone 2500-0 
Yeast Extract 1.00 g Dextrose Z2.00"q 


Water 100.00 ml 


* Added after autoclaving 
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D Chemicals 


Radioactive chemicals were all obtained from New England 
Nuclear. The compounds used, and their specific activities, were as 
follows: 8-l'c guanine (ca. 55 mCi/mmole), 8-!"C hypoxanthine (ca. 48 
mCi/mmole), 8-!*C adenosine (51.2 mCi/mmole), 8-!4C guanosine (49.2 
mCi/mmole), and 8-!'C inosine (ca. 52 mCi/mmole). 1!4C-Sodium formate 
had a specific activity of 56 mCi/mmole. The 1-!"C glycine used for 
some control experiments had a specific activity of 47 mCi/mnole, 
peaeee thet l22"'C glycine used for mutants and other controls had a 
specific activity of 96 mCi/mmole. 

Allopurinol (4-hydroxypyrazolo[3,4-d]pyrimidine), and other non- 
radioactive compounds, adenine, adenosine, guanine, guanosine, hypo- 
xanthine, inosine, xanthine, aminoimidazolecarboxamide, xanthosine, 
Uric acid, AMP. ADP. ATP..-GMP,: GDP, GTP, IMP, XMP\ NAD, AMPS) “and 
allantoin were obtained from Sigma Chemical Company. Azaserine 
(O-diazoacetyl-L-serine) was obtained from the Drug Evaluation Branch, 
Drug Research and Development, National Cancer Institute, Bethesda, 
Maryland. Succinyl adenosine was prepared by enzymatic dephosphory- 


lation of AMPS (G. Zombor and J.F. Henderson, personal communication). 


E Larval Isolation and Incubation 

Metabolism of radioactive compounds was measured in larvae 
following various periods of growth. Figure II-2 presents a general 
outline of the experimental procedures used. 

Cultures with defined media were prepared as follows. A care- 
fully measured amount (0.5 - 1.5 ml) of the radioactive compound to be 


used was pipetted into a 30 x 12 mm "sealable culture dish" obtained 
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Figure II-2. Summary of Procedures Used for Biochemical Analyses 


Adults lay eggs on agar 
medium - 12 hrs. 


24 hrs. later 


Transfer larvae to radio- 
active defined medium 


Incubate at 25° 


Extract whole larvae with 
PCA, centrifuge 


Precipitate: Resuspend 
and centrifuge 4x 


{Seow 


Precipitate: Supernatant: 


Dissolve in IN NaOH for: Neutralize, evaporate, and 
1) DNA determination redissolve in 100 ul buffer 


2) Hydrolysis for nucleic for sepayat) onol. 
acid purine analysis 1) nucleotides 
2) nucleosides and bases 
3) FGAR where performed 
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from Bellco Glass Company (these dishes will hereafter be referred to 
as plates). When non-radioactive supplements were added (i.e., to 
support growth of mutants), these were added to the radioactive 
solution, which was then evaporated to dryness tn vacuo to prevent 
dilution of the medium. The following concentrations of radioactive 


compounds were used: guanine, hypoxanthine, guanosine, formate, and 


glycine, 1 mM; adenosine and inosine, 0.3 mM (due to the toxicity of 
these two compounds). Aminoimidazolecarboxamide and azaserine when 

used were added at a concentration of 1 mM. Non-radioactive adenosine 
and guanosine, where used, were added at the usual supplementary dose 
for mutants, 0.1% or about 3.5 mM (Falk, 1973). The compounds were then 
Heaaekorded in 50 pl of sterile distilled water and 1 ml of defined 
medium (at 70°) was pipetted into the plate and stirred. The plate 

was either used within 24 hours or was stored wrapped in plastic at 4° 


until about 30 minutes before use. 


Eggs were collected as described previously with the substitu- 
tion of sterile yeast medium for live yeast paste and incubated for 
24 hours to allow them to hatch. A specified number of larvae (200- 
400) were transferred to each plate. A dissecting microscope was 
used to facilitate transfer of the larvae; a scalpel was used for this 
operation. 

These operations were performed under sterile conditions except 
for the evaporation, and plates were checked for contamination as 
described previously. These plates were incubated for four days and 
samples of larvae were removed for testing either each day or on the 


second and fourth days. 
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EB -Extraceion 

The number of larvae used for each sample varied depending on 
the size of the larvae (i.e., approximately 60-90 on day 1 and 2, 
30-70 on day 3, and 15-70 on day 4). Usually duplicate analyses were 
performed. The larvae were transferred from the plate into a 10 x 75 
mm glass test tube with a scalpel, using a dissecting microscope. 
One hundred yl of 0.4 M perchloric acid was added and larvae were then 
disrupted by sonication, using a Branson Instruments Sonifier, model 
LG-75. Larval samples were sonicated using 20-30 successive bursts of 
about one second in duration, at one second intervals, on setting 5. 
Samples were then centrifuged in an International Clinical centrifuge 
at full speed for one minute. Sonication and centrifugation were 
repeated three times without removing the perchloric acid. The super- 
natant was then pipetted to a clean tube. The pellet was then 
resuspended, sonicated and centrifuged four times with successive 
100 pl aliquots of 0.4 M perchloric acid. These "wash" supernatants 
were pooled with the original supernatant (referred to as the 


Nextract!').. 


The pH of the supernatants was adjusted to between pH 6.8 and 
8.2 with 4.5 M KOH, using phenolphthalein and bromcresol purple; the 
solution was centrifuged to remove the KC10, precipitate, and pipetted 
into a clean tube. These procedures were carried out at 4°. They 
were then further chilled, evaporated to dryness tn vacuo over NaOH 
flakes and stored at -20°. The acid-insoluble fraction was dissolved 


in 100 pl of 1 M NaOH and left sealed at room temperature for two to 


five days to hydrolyze the RNA. 
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G Measurement of DNA 

The DNA content of each sample was determined using the 
fluorometric assay developed by LePecq and Paoletti (1966) as modified 
by Morgan and Pulleyblank (1974), and further modified by M. Botkin 
and L. Brox (personal communication). This assay is based on the fact 
that the increase in the fluorescence of ethidium bromide upon bind- 
ing to nucleic acid is, under certain conditions, proportional to the 
amount of nucleic acid present. The reagent solution contained 0.5 ml 
of ethidium bromide (1 mg/ml), 2.5 ml EDTA (disodium salt, 0.2 M, 
pH 8), 5.0 ml Tris buffer (1 M, pH 8) and distilled water to make 1 
litre. The final pH was adjusted to 8.0 if necessary. 

Assays were carried out using a Turner model 430 spectrofluoro- 
meter. Excitation and emission wavelengths were 525 and 600 nano- 
meters, oe ae The blank consisted of 2 ml of reagent solution. 

A standard solution of high molecular weight calf thymus DNA 
(50 pg/ml in water) was prepared and diluted 1:1 with 1 M NaOH just 
before use. Standard curves were obtained by adding successive 10 yl 
aliquots of the DNA to 2 ml of the reagent solution. In order to keep 
the pH constant, HCl was always added to neutralize the NaOH in which 
the DNA was dissolved. Thus for each 10 ul of DNA, 5 ul of Je Mo HCI 
was added. Cuvettes were inverted several times after each addition 
to obtain a uniform solution, and readings’ were taken after three 
minutes, 

The DNA content of the acid-insoluble fraction (dissolved in 
NaOH) of the larval preparations was then determined. Samples were 


assayed in the manner described above except that 10 plot PM wes 


was added per 10 yi of sample. 
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H Separation of Radioactive Metabolites 
1. Nucleic Acid Purines 

Nucleic acid adenine and guanine were isolated by adding 10 ul 
of 7.2 M perchloric acid to the acid-insoluble fraction (dissolved in 
NaOH) and boiling in a water bath for one hour. After cooling, the 
samples were centrifuged in a clinical centrifuge at full speed for 
three to six minutes. The supernatant was then pipetted onto a Dowex- 
50-H’ column approximately 20 mm high in 10 mm (I.D.) glass tubing 
attached to a 50 ml Erlenmeyer flask. The column was washed with 5 ml 
of 0.1 N HCl and the purines were then eluted with 15 ml of 6 N HCl. 
The samples were chilled and evaporated to dryness tn vacuo. 

Each sample was dissolved in 200 pl of water, of which 150 ul 
was applied as a 2 cm streak to Whatman 3 MM chromatography paper. 
Chromatograms were developed (descending) in isopropanol:2 N HCl 
LO5s 555 VV) for) about 24 hours. ea oe dried; cut into J xi2eem 
sections, and the radioactivity in each section measured. The Rf of 


guanine was approximately 0.24 and that of adenine approximately 0.44. 


2. Purine Nucleotides 

The purine ribonucleotides of the acid-soluble fraction were 
separated using a one dimensional chromatographic system originally 
described by Crabtree and Henderson (1971) and slightly modified by 
Henderson, Fraser, and McCoy (1974). Extracts were dissolved in 100 
ul of 25 mM phosphate buffer, pH 7.4. Ten or 20 ul of each extract 
and about 30 nmoles of each nucleotide carrier were applied to pre- 
washed polyethyleneimine cellulose thin layers on Mylar sheets 
(20 x 20 cm, obtained from Brinkman Instruments Ltd.). “Plates were 


then washed overnight in 50% methanol to remove bases and nucleosides. 
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Successive development in sodium formate buffers (pH 3.4) at the 
following concentrations gave good separation of NAD, AMP, IMP, XMP, 
GMP, ADP, GDP, ATP, and GTP: 0.5 M (to 2 cm above the origin), 2M 
(to 8 cm above the origin), and 4 M (to the top of the plate). 

AMPS was separated when necessary from ADP and other purine 
nucleotides using a system devised by Zombor and Henderson (personal 
communication). Samples were spotted on pre-washed PEI cellulose 
plates with carriers and washed overnight in methanol, as usual. The 
chromatograms were then developed using 0.8 M NaCl up to 3.5 cm from 
the bottom of the plates, and 1.25 M NaCl until NAD had nearly reached 
the wick. The sequence of compounds from top to bottom of the plate 


was NAD, IMP, AMP, GMP, AMPS, XMP, ADP, GDP, ATP, GTP. 


3. Purine Nucleosides and Bases 
Purine nucleosides and bases in the acid-soluble fraction were 
separated with a two dimensional chromatographic system used by 


Burridge, Woods and Henderson (1977). Polyethyleneimine cellulose 
sheets, with 28 x 23 cm Whatman 3 MM paper wicks attached to facilitate 
washing, were washed overnight in 4 M sodium formate buffer (pH 3.4). 
They were dried and again washed overnight, in 50% methanol and water, 
then dried and used the same day. Ten ul of sample and the following 
volumes of carrier solutions were applied to a spot 2 cm from both 
edges at a corner of the sheet: 5 ul of a nucleotide solution (10 
umoles/ml each of NAD, AMP, IMP, XMP, GMP, GDP, GTP, ADP, and ATP in 
water); 2.5 ul of a guanine solution (10 pmoles/ml in water); 2.5 ul of 
a solution of xanthine and uric acid (10 wmoles/ml each in water); 2.5 
ul of a solution of hypoxanthine, inosine, adenine, adenosine, guano- 


: : : : ! : : 
sine, and xanthosine (10 ymoles/ml each in water); 5 ul of a solution 
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of allantoin (10 ymoles/ml); and 10 yl of a solution of succinyl 
adenosine (about 2-3 mg/ml). The chromatograms were first developed 
in 90% formic acid:methanol:water (35:90:15, v/v) until the solvent 
front reached within 1.0 to 0.5 cm from the wick (about 1-1 hours at 
room temperature). The wicks were removed, the plates dried, and 
developed in the second dimension in 70% 1-propanol until the solvent 
front was 15-16 cm from the origin (about 3%-4 hours at room tempera- 
ture). Care was taken to keep the tanks air-tight and free from 
ivatts during the entire time of development. Allantoin was separated 
from xanthosine in this system by cutting out a clean section of the 
chromatogram (usually about 3 x 6 cm) containing xanthosine (and 
allantoin) and developing the '"mini''-chromatogram in BOM Heehenod for 
about 15 minutes. The ultraviolet absorbing spot was circled and the 
section was sprayed with a 2% solution of dimethylaminobenzaldehyde in 
acetone:concentrated HCl (90:10, v/v) in order to visualize the 
allantoin. Figure II-3 shows the relative positions of the various 
metabolites on a typical chromatogram. 

For a small number of samples not requiring separation of 
glycine, formate, succinyl adenosine, or allantoin, nucleosides and 
bases were separated using an ordinary cellulose two dimensional 


system described in detail in Crabtree and Henderson (1971). 
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4. FGAR Isolation 

Whenever it was necessary to analyze metabolism of the early 
steps of the de novo pathway, larvae were incubated with l4c¢-glycine 
and azaserine, which inhibits phosphoribosyl-formylglycineamidine 
synthetase. Thus !4C-FGAR (phosphoribosyl-formylglycineamide) should 
accumulate if previous steps in the pathway are not affected by the 
mutation studied. FGAR was separated from the !4C-glycine using 
column chromatography (Henderson, 1962). Portions of perchloric acid 
extracts were poured onto 10 x 40 mm columns of Dowex-l1-formate. The 
effluent was discarded; the column was washed with 30 ml oe 0.05 M 
formic acid, and the FGAR was eluted with 15 ml of 4 M formic acid. 
Eluates were chilled and evaporated to dryness tn vacuo. The FGAR was 


dissolved in 1.0 ml of water. 


I Radioactivity Measurements 

Ultraviolet absorbing areas of chromatograms were cut out and 
placed in counting vials with 8 ml of toluene phosphor solution (4 g 
PPO and’ 0.1 g POPOP per litre of toluene). Radioactivity in 1 x 2 
cm strips of Whatman 3 MM paper from nucleic acid purine separation 
was measured using 5 ml of phosphor solution. The radioactivity in 
0.5 ml of the FGAR solution was measured in 4.5 ml of Bray's solution 
(Bray, 1960). All radioactivity measurements were made using a 


Nuclear-Chicago Mark I liquid scintillation counter. Samples were 


counted for four minutes at a counting efficiency of approximately 60%. 
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CHAPTER III CYTOGENETIC LOCALIZATION OF purl AND gual 


A Introduction 


This chapter describes the results of cytogenetic mapping 
experiments carried out to determine more precisely the location of 
the purl and gual loci originally approximated by Falk and Nash (1974) 
as between position 31 and 33 on the X-chromosome. Several stocks 
containing overlapping deficiencies within this region (obtained from 
George Lefevre, Jr.) were used in crosses to mutant males. Female 
offspring heterozygous for a deficiency and a recessive mutation should 
exhibit mutant phenotype (in this case conditional lethality) if the 
particular deficiency lacks the region homologous to the mutation. 
Since the limits of the deficiencies are known, mutations can be mapped 
quite casily in most cases. The results obtained for the purl locus, 
while they did permit cytogenetic mapping, were unusual. A complete 
description of stocks used and diagrams of crosses made are given in 


Chapter 11: 


B- Control Data 


Table III-1 shows the results of crosses between each deficiency 
and a stock wild-type for the puri and gual loci. Im every case except 
one, this was the "Amherst" stock from which the mutants were derived. 
The data for defined medium at 29° involves a cross between 
Df (1)e52/FM6 and the mutant Paes (which maps at 1-57; see Falk and 
Nash, 1974). This mutant behaves as does the "Amherst" stock in all 


other crosses and was used as the control in this case due to insuffic- 


jent data from the "Amherst" cross. 
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Table III-l 


Survival of Deficiency/Wild-Type Heterozygotes 


Tee a er ee CD etter SSS SESS Sens Sans essen SP nissan sasntttpmasroamion corsa onasaies 


Defined Yeast 
Medium Medium 
Defic- Region Segregant 
iency Deleted Type 25° 29° 255 29° 
pee GEALI0N?) DF 204** 163 102 65 
+ 193 119 97 77 
ras- 9D1-10A3 Da 379 258% 416 car 
ce o 451 362% 483 474 
74 
v 9B1-10A1 Df 335 70 194 240 
+ 238 56 251 287 
52 
C 8E3-9D3 Df 90 7 187 85 
+ 110 51 218 186 


retail rather than Amherst (see explanation in Section B - Control 
Data) 


**Numbers represent surviving heterozygous female adults 
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These data clearly show that deficiency heterozygotes are as 
viable as the wild-type segregants under most condtions. The 
ven and ae deficiency heterozygotes do show some reduction in 
Viability in all cases and this is exaggerated at the higher temperature 
regardless of medium. On defined medium at 29°, the effect of Be 1s 
so extreme that the deficiency must be regarded as a dominant semi- 


og 


lethal; thus the results with ec at 29° cannot be used, but are 


included for completeness. 


C. Behavior of the guai-1* Mutant 

The gua1-1"* mutant is approximately 50% viable on defined 
medium at 25°, and almost completely lethal on such medium at 29°. 
The results in Table III-2 indicate that the mutation is exposed by 
both the poeep and the He deficiencies. The deficiency hetero- 
zygotes show the expected mutant phenotype on defined medium in both 
cases, with reduced viability at 25° and near lethality at 29°. 
As expected,- these deficiency heterozygotes survive on yeast medium. 
On the basis of the results at 29°, the gua1-1"® mutation appears to be 
located between bands 9D1 and 9E3 (omitting, of course, the ae data). 
If the results for the ag deficiency at 25° on defined medium are 
used to extrapolate the expected behavior at 29°, this would narrow 
the location to between 9D4 and 9E3. This more limited localization 
can be further refined by the observation that Dp (1)y" 88 includes 
guai-1"°, This duplication includes bands 9El to 10Al11 and in a cross 
involving males carrying the duplication and females heterozygous for 


gua1-1°* and FM7b, 146 gua1-1°° males survived on defined medium at 


29°, among a total of 701 flies. Since guai-1* is covered by the 
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Table III-2 
Survival of Deficiency/gual-1"* Heterozygotes 


LL LT EE TE EC CPE et a TC caf eT Ede eceesatRseapensepnttewibs 


Defined Yeast 
Medium Medium 
Defic- Region Segregant 
iency Deleted Type 25° 29° 25. 29° 
DEEL “cone \SEAcLOADY on DE 216** 161 180 97 
+ 238 ESt 216 113 
ras- 9D1-10A3 Dy 67 9 282 248 
sonhgne’ + 306 elhuesdS 275 328 
74 
v 9B1-10A1 Df hz. 9 635 328 
+ 128 130 594 764 
Lee ry * Loa 
Cc 8E3-9D3 Df 119 5) V4 57 
+ P14 180 264 180 


*Also semi-lethal with control 


**Numbers represent surviving heterozygous female adults 
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the duplication, its location is most likely between bands 9El and 9E3. 


D Behavior of the purl Mutants 

Tables III-3 and III-4 show the survival of purl/deficiency 
heterozygotes. A first glance at the results on defined medium 
indicates that the purl mutations are exposed by the deficiencies which 


17C .c8 Bot aft 


also expose the Gual-Te mutation, that is, ras-v 
Falk and Nash's (1974) approximate map locations are compatible with 
Prerconcioeien although the cytogenetic localization places all three 
mutations much closer together than the original mapping experiments 
might suggest. 

The most striking observation about these data, however, is the 
fact that the relevant mutant/deficiency heterozygotes are of low 
viability not only on the defined medium, as expected, but also, under 
certain conditions, on yeast medium. The purl-1/deficiency hetero- 
zygotes are of low viability on the permissive yeast medium at both 
temperatures and the pur1-2/deficiency heterozygotes are of low 
viability on this medium at 29° but not at 25°. This is an unexpected 
finding since the homozygous (and hemizygous) mutants are in both cases 
viable on the yeast medium at both temperatures. The simplest explana- 
tion for this behavior is that the purl mutants are hypomorphs. That 
is, the homozygous mutant females (and hemizygous males, which are 
presumably dosage compensated), are leaky, producing enough functional 
gene product to support the growth of the flies when purines are present 
in the medium. This amount is marginal, however, and when it is halved, 


as with deficiency heterozygotes, the flies show severely reduced 


viability even with the addition of dietary purines. 
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table 2113 


Survival of Deficiency/pur1-1 Heterozygotes 


Sn nt a Be er Ae ae pee rls hn tle 


Defined Yeast 
Medium Medium 
Defic- Region Segregant 
iency Deleted Type 255 29° 25% 29° 


en ee 


04h 29 


9E4-10A2. Of 115** go 33 47 
i 94 52 40 42 
ras- 9D1-10A3. Df 3 1 0 c 
eS r 282 431 13 264 
24 

v 9B1-10Al1 Df 7 0 0 0 
Z AT 68 G6l 55 

52 P 
C 8E3-9D3 Df ee 29% eel 115 
" 15S Melee 217 330 


* Also semi-lethal with control 


**Numbers represent surviving heterozygous female adults 
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Table III-4 


Survival of Deficiency/purl-2 Heterozygotes 


Defined Yeast 
Medium Medium 
Defic- Region Segregant 
iency Deleted Type 25 29° 254 29° 
et Bona. one [oo T 47 24 
n 77 44 42 29 
ras- 9D1-10A3 Df 8 0 64 4 
seh aras + 2500 wel 03 92 146 
74 
v 9B1-10A1 Df 0 0 181 0 
+ 158 69 220 344 
o2 * 
ce 8E3-9D3 Df 95 6 218 109 
+ 109 123 280 244 


*Also semi-lethal with control 


**Numbers represent surviving heterozygous female adults 
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Several explanations for the temperature sensitivity of the 
purl-2/deficiency heterozygotes can be suggested. It is possible that 
the purl-2 mutant produces a slightly temperature-sensitive gene 
product, which becomes insufficient at the higher temperature. However, 
Since the homozygous mutants do not exhibit a temperature-sensitive 
lethal phenotype, it must be assumed that the product is not completely 
inactivated at the higher temperature. Another possibility is that the 
flies need more purines at 29° and the additional requirement is enough 
to negate the difference between purl-2 and purl-1. This implies that 
purl-1 is somewhat less leaky than purl-2. It is also possible that 
the purl-2 heterozygotes are only marginally viable even with the 
dietary purines and the general added stress placed on the flies by the 
higher temperature is enough to kill them. 

Since these results are unusual in terms of the expected results 
of classical deletion mapping experiments, some defense must be made of 
the claim that the pur mutants have been uncovered by the deficiencies 
which cause the lethal phenotypes. First, the Guatete mutant is 
clearly a classical case; the appropriate deficiency heterozygotes 
exhibit precisely the Paensie phenotype. This mutant has already 
been shown using another technique to map close to the purl mutants; 
the fact that the same two deficiencies "expose"! both the purl mutants 
and gual-1"° thus lends some support to the argument that the purl locus 
is covered by these deficiencies. Further support is given by studies 
carried out by Nash (Johnson and Nash, in preparation), who supplement- 
ed the lethal purl-2/deficiency heterozygotes on defined medium at 25°. 
These heterozygotes grew on supplementing concentrations of adenosine 


and guanosine but not uridine, the same phenotypic pattern shown by 
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the mutants themselves. Since the purl-1 mutants are allelic to purl-2, 
it must be assumed that both are thus exposed by these deficiencies, 
despite the lethal phenotype on yeast medium shown by purl-1 (and pur1-2 
at 29"). 

Two similarly anomalous cases have been published. The first was 
presented by Welshons (1965, 1971), who observed that females hetero- 


zygous for facet-notchoid (fal? 


), (a viable allele of the notch (NW) 
locus), and W do not survive. He Suggested that fa was a hypomorphic 
fd tation which, in combination with the amorphic WV, was inviable. The 
second situation, documented by Lefevre and Johnson (1973) involves -a 
male-viable allele of cut, Be. which shows lethality in heterozygous 


combination with most lethal ct alleles. However, in this case the 


homozygous females are relatively inviable. 


E Conclusions 

Braance has been presented in this chapter that pinpoints the 
location of the gual-1°® and pur] mutants rather precisely. 
(1) All three mutant/deficiency heterozygotes exhibit the mutant 


HLA Or ERS} 74 
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phenotype on defined medium with deficiencies ras-v nd. 


64f29 


but not with v » indicating the location to be within 9D1l - 9E3. 


: 52 yee 
(2) Results at 29° on defined medium for the ec deficiency were not 
ts ' 
used, but results at 25° for both the gual1-1 ~ and purl mutants 
indicate that this deficiency does not cover either locus, narrow- 


ing the location to bands 9D4 - 9E3. 
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(3) Crosses involving Dp (1)v7 0%" 


males and heterozygous gual-1"* and 
purl-2 females have shown a much higher than normal number of 
surviving mutant males on defined mediun, indicating that this 
duplication covers the two loci. This information places the final 
location of the two loci between bands 9El and 9E3. Due to 
technical problems with the yy stock, this is a correction of the 
earlier location described in abstract form (Johnson and Nash, 
975). 

It can be hypothesized on the basis of these data that 


lethal alleles of the purl locus exist. Similar situations have 


been described for two other loci, W and ect. 
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CHAPTER IV BIOCHEMICAL STUDIES OF WILD-TYPE Drosophila 


A Introduction 

The studies presented in this and the following chapter 
represent an attempt to define the biochemical bases for the defects 
of the purine-requiring mutants. It had been previously inferred, 
from their auxotrophic phenotypes, that the mutations might affect 
purine metabolism (Falk and Nash, 1974). Since the purine metabolism 
of wild-type Drosophila had not been characterized in detail, it was 
necessary to include rather extensive experiments on the wild-type as 
controls. These control experiments are the subject of this chapter. 

The techniques used in this study are described in detail in 
Chapter II. They involve the ingestion of a radioactive compound by 
the larvae and the "tracing" of the metabolic fate of that compound by 
the isolation of its various metabolites and the measurement of their 
radioactivity. 

Briefly, newly hatched larvae were transferred to plates 
containing sterile defined medium to which a radioactive compound had 
been added. A specific number of larvae were removed for sampling at 
two and at four days of incubation at 25°. These times were chosen 
because pilot experiments showed that negligible amounts of the tracer 
compound were ingested during the first day of larval life; yet, since 
unsupplemented mutants die as larvae, longer test periods were 
impractical. The larvae taken for sampling were sonicated in 4% 
perchloric acid and the nucleic acid fraction separated from the acid- 
soluble nucleotides, nucleosides, and bases. The radioactivity in 
these individual metabolites was measured. (See Figure II-2 for 


summary of procedures used.) 
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Radioactive adenosine, inosine, guanosine, guanine, and hypo- 
xanthine were used to determine qualitatively and at least semi- 
quantitatively the pathways of interconversion of purine derivatives 
present in wild-type and mutant Drosophila. Radioactive glycine was 
fed along with azaserine, which blocks the de novo pathway at the 
fourth step, in order to test the intact function of the first three 
enzymes of the pathway. Radioactive formate was fed along with 
aminoimidazolecarboxamide (the compound which, as its meer eer ic 
derivative, is needed for the ninth peeceon of the de novo pathway) in 
order to test the function of the last two enzymes which synthesize 
inosinate. Since some of the mutants were believed to be deficient in 
de novo synthesis, the use of glycine and formate would permit testing 
of at least some of the enzymes of the pathway. More elaborate 
techniques are necessary to test the other enzymes of the pathway. 

The great advantage of these methods is that, being micro- 
techniques, they permit relatively extensive studies of the enzymes of 
purine metabolism tm vivo. In some ways this gives a more realistic 
picture of the actual function of the system of purine synthesis and 
interconversion than do in vittro assays on individual enzymes. 

There are some drawbacks to the methods, however. Most obviously, 
they are indirect. Thus, the intermediate steps between precursor fed 
and the resulting radioactivity in various metabolites must be assumed. 
In some cases there is little doubt as to which pathway was taken 

(as in de novo synthesis of inosinate). In others there is some 


uncertainty concerning the relative rates of two or more possible 


pathways. 
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Figures IV-1 through IV-6, which illustrate the metabolism of 
the precursors fed to wild-type larvae, therefore simplify the actual 
pathways followed by each precursor to some extent. In general, they 
represent the minimum biochemical interconversion which takes place. 
Alternative pathways are not shwon, and their elimination is more 
justified in some cases than in others. Results of work in a variety 
of systems were used as the basis for construction of the diagrams and 
further study on Drosophila will be required before the assumption of 
the similarity of this organism to these oe ee can be evaluated. 

Some justification of the elimination of specific pathways is 
necessary. Figure IV-1, for example, shows that about 4% of radioactive 
hypoxanthine was converted to adenosine. It is probable that more than 
4% was formed, but some was rephosphorylated and some deaminated. 
Although adenosine deaminase will later be shown to appear Cuaee active 
when adenosine is used as a precursor, it is not possible to evaluate 
its activity in most cases and so it is not considered. Adenylate 
deaminase is not considered, either, in these diagrams, since in no 
case is its activity distinguishable from that of adenosine deaminase 
using these techniques. 

Inosine can theoretically be formed from hypoxanthine or from 
IMP, but since ribose-1l-phosphate has been found to be not readily 
available in Ehrlich ascites tumor cells (Barankiewicz and Henderson, 
1977), the ribosylation of hypoxanthine (or adenine, xanthine or 
guanine) has not been considered. 


Xanthine will be assumed to be formed from either hypoxanthine 


or guanine, depending on which precursor was fed. 
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It is possible that some AMP is formed from adenine via adenine 
phosphoribosyltransferase. However, evidence in animal tissues suggests 
that purine nucleoside phosphorylase has a very low activity with 
adenosine (Murray, 1971; Becker, 1974b), so this latter reaction is not 
considered. Hypoxanthine-guanine phosphoribosyltransferase will be 
discussed with each figure as necessary, as will other specific 
assumptions. 

The amount of data generated in this study was very large. 
nly a relatively small part of it was directly relevant to the 
question originally posed (that is: How do the purine mutants differ 
from wild-type Drosophila?), it was decided to include only that part 
in the body of the thesis. The rest of the data is presented at the 
end in the Appendix. Wild-type data appear in Tables A-1 through A-5b, 

hich list the radioactivity in counts per minute per microgram of DNA 
of all the metabolites isolated for each precursor, in the experiments 
on wild-type Drosophila (see List of Tables in Appendix for details). 
These data have been summarized and presented in Tables IV-3 through 


IV-6 in this chapter. 
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B Experimental Conditions and Larval DNA Content 


Table IV-1 presents the concentrations of precursors used, the 
number of larvae and amount of DNA in each sample, and the amount of 
DNA per larva in each case. The concentration of precursors was 1 mM 
except for the experiments using adenosine and inosine, where the 
concentration was only 0.3 mM. The reduction was necessary due to the 
toxicity of these compounds (el Kouni and Nash, LO 7). 

With inosine and formate, two separate plates containing larvae 
were tested in different experiments, and these are indicated as 
Exp I and Exp II in all tables. 

Hypoxanthine was always fed along with allopurinol, which 
inhibits xanthine dehydrogenase; in early experiments in which radio- 
active hypoxanthine was fed without allopurinol, about 30% was 
degraded. Apart from inhibition of degradation, allopurinol appeared 
to have little effect on hypoxanthine metabolism. 

In most cases, duplicate samples were taken on each day. Each 
replicate sample is indicated by a lower case letter following the day 
of collection. In cases where duplicate samples were not taken, 
this was due to a shortage of live larvae on the plate. The number of 
larvae per sample was also dependent on the number of live larvae 
remaining on the plate. On Day 2 in the guanosine experiment, there 
was a large number of dead larvae. A sample made up entirely of dead 
larvae was taken to test for any obvious differences in the metabolism 
of guanosine by larvae to which it was toxic. The large number of dead 
larvae indicate that this was a relatively toxic concentration of 
It was also noted that the larvae which escaped the toxicity, 


guanosine. 


that is, the six still alive on Day 4, were much larger than usual. 
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Table IV-1 


Experimental Conditions and Larval DNA Content--Wild-Type Drosopht la 


Precursor and Day and Number of 
Concentration Sample Larvae/Sample ug DNA/Sample wg DNA/Larva 
eee hy! re ler te ee pe te eae Me enen ge OLE eo LE: erry gs 


Adenosine 2 50 0.8 0.016 

0.3 m™ 4a) 41 2.05 0.064 

b) 41 Jae 0.058 

Hypoxanthine™ 2a) 90 | 1.8 0.020 

1 mM b) 90 Dap 0.017 

4a) ws Zoi 0.038 

b) 60 Died 0.042 

Inosine 2a) 50 0.9 0.018 

Bxp.0cl b) 50 0.9 0.018 

0.3 mM 4a) 70 324 0.048 

b) 70 Bit 0.048 

c) 70 a4 0.048 

Inosine 2 85 ee 0.026 

Exp. I] 4 30 6 0.053 
0.3 m™ 

Guanine 2a) fi bea 0.019 

1 mM b) 75 dy) 0.023 

4 oye 4.4 0.083 

Guanosine 2a) 90 (ckS 0.046 

1 mM b) 66 (dead) 2.05 0.043 

e) 60 220 02033 

0.100 


4 6(large) 0.6 
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Table IV-1 (con't) 


a as SR NE ed A in at I Nr a a eh se ee 
Precursor and Day and Number of 

Concentration Sample Larvae/Sample ug DNA/Sample ug DNA/Larva 
soy atthe wd cll are TLS SE AN is MIM li Ne Sete OL Mae Jey ni See ne OUR ENA, Wire ee a 


Rormacar 2a) 55 a0 0.018 
Exp. *1 b) 50 0.9 0.018 
1 m™™ 4 40 Zan 02055 
Sacre 2a) 90 rs 0.020 
Eee TT b) 60 0.95 0.016 
1 m™ 4a) 30 1.8 0.060 
b) 32 Led 0.048 


a) 0.5 mM allopurinol added 


b) 1 m™ aminoimidazolecarboxamide added 
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The reason for this was not readily apparent. 

The differences in DNA content per larva between ostensibly 
Similar samples is most likely due to the fact that the larvae are so 
small and it is difficult to pick uniform samples of larvae. The 
larger, more obvious ones are more likely to have been picked for the 
first sample on a given day. 

In general, wild-type larvae show a range of DNA content from 
0.016 to 0.026 on Day 2 and from 0.038 to 0.083 on Day 4. The 
enuornalay large size of larvae grown on guanosine (see above) is 
reflected in exceptionally high DNA contents which fall outside the 
general range. It appears that while guanosine at the concentration 
used is demonstrably toxic, it also seems to have a real stimulatory 
effect on larval growth. In an experiment using a concentration of 
only 0.7 mM guanosine (not shown in tables), the larval DNA content 
was only 0.033 ug on Day 2 and 0.052 ug/larva on Day 4. 

It is also possible that guanine produces a similar effect, 
since the next largest amount of DNA per larva on Day 4 was found in 
larvae fed on guanine. However, since there was no duplicate for this 
sample and since the Day 2 samples did not show any increase in DNA 
content, this bears repetition before any such conclusion can be 
drawn. 

The lower value of the range of DNA content on Day 4, 0.038 ug 
per larva, was recorded for one of the hypoxanthine samples. These 
two Day 4 samples were both lower than average and it is possible that 
either the addition of the allopurinol or some interaction between it 


and the hypoxanthine exerted a slightly inhibitory effect on larval 


growth. 
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C Distribution of Radioactivity Recovered 


Table IV-2 gives an overview of the fate of each precursor fed 
to wild-type larvae. Values are intended to illustrate the amount of 
radioactivity (per unit DNA content) in each sample as well as the 
fraction which was metabolized. It should be noted that subsequent 
tables in this chapter show only the percentage of radioactivity 
found in each metabolite relative to the "Total Amount Metabolized" 
given in this table. Where formate was used as a precursor, the 
"Total Amount Metabolized" refers only to radioactivity found in 
purine derivatives. 

Périapseeleamest sSurprisang, teature OF these datas tha, 
regardless of the fact that adenosine and inosine were present in 
about one-third the concentration of the other precursors, almost all 
of the samples show approximately the same amount of radioactivity 
recovered, roughly between 100,000 and 200,000 cpm/yug DNA. Since the 
specific activities of all the compounds were similar, this means that 
adenosine and inosine were taken up by the larvae with roughly three 
times the efficiency of the uptake of the other compounds. It is 
obvious that the larvae eat enough of the medium (and therefore, in 
most cases, of the precursor) to accumulate the amount of radioactivity 
found in the adenosine and inosine samples. Since there is no reason 
to believe that Drosophila larvae eat more or less medium depending on 
the precursor it contains, it is necessary to assume that the larvae 
excrete more of other compounds (either metabolized or unchanged) than 
they do of adenosine and inosine. The apparently preferential uptake 
of these compounds by the larvae may bear some relationship to their 


toxicity; just what that relationship could be remains to be discovered. 


mee 1) OR a a Me AC) eal Nd Wi oe 
: y P Ag ip Hi Y an, 


AK) Ae Ee 


- 
Mi 


but too'tany ner fsite tal wa . 
Ww Pecan oud since 
on) LDAW vas ideibaat 0 sii tid i 
Di pele Cae ! vi) Boric) acts ae doe Miva 8 


PLY) wt rs Wi ae 4h yi ay iy ‘ ty uy ik 
| peta nal a 


of 
{ , a ’ bet Mi * 
| Pe ny eee ai 
CE ai ie Saabs Sey Hehe tty ping ait ee sie ange ay 


ee 


= 4 a i" s “a 


Aan rs : viv ni KER ai hie allan nahi it oF 


aia fe ] ah i c; ks 


1 pl oy i ih , HN eer Aste \ ale, ié 2H Re ay foi fain ai 


as 


ih Mi ee rd al P| bie “a a . 


i 
| ae ae f 
Datis ivi Hee hn ae 


‘ , 
; Pipe a Go) ee Ae eas let i . 
7 : | i! Pa het 
i “Ae \ eth alah oi 
NaS, t f a ask Ash, f ‘hx MCAS || w mie A { eanligs ad ita 
j t. oh 


Oras Ait Bt wT Og Pretty ted ao sat mm Snsnovohs oi , 


\ 


five hehe aaie by and edhe eeu! Nay) writ ne 


Ce hihtaldaa Co Beers wie ‘yiths 2 te 4 ’ ene ft wt ering tay 
4 b ? sy) Mark 1% 
pols @ i a 1) 200 VER cose ATS 


hag f Ist i 9 dha by hf wong ‘ 4 pies 


ie 7 


i pee ar Lt By, many 


oar 


ous eo thoes pteredl 


= 7 = ca 
aah 
= 
i 
_ 
—, 
a 


cg eee a ee ee 
CLiL)— 26S “TST 65¢"es T90°SEZ 


ETO‘ 8ST 7S7°69 C99°LSZ 7°€ (2 
679° 98T 7$8°09 €0S*L7z 7°€ (4 
678° 69T OLE‘ OE STZ ‘002 o°€ (ey 
(465) soe%z8 €29°L9 e7L*6yT 
€69°T6 966°EL 689‘°S9T 6°0 (4 I °dxg 
9T6°ZL TS8°09 LOLS EET 6°0 (87 autsouy 
(4z€) 68°28 L8e°L8T eye 
9SE°EL 707°8ST O9L‘TEZ Sard (q 
L08°86 606° 612 OTL*8TE GT°z (ey 
(472) €96 “VE Tee H2T ype 6ST 
L8e‘9E 096‘ VET Lye *TLt pat (4 
6€S ‘EE TOS*€TT OVE *L9T 8°T (22  ,etruguexodéy 


sss 


(404) 696°92T LTT'S¢ 5£80°zet 


820°62T L6S°T9 ¢£9°06T 9°7 (q 
T98°92T LE9‘8Y 867 °ELT Sos (ey 
p 6%08) LYT* 98T 07s’ Sy £89°67Z 8°O0 cA euysouspy 
SSS ee 
PeztTToqe yoy Aosindsig PelaAocoay oTdues atTdues Aosanosig 
qunowy [Te Qo; pesnug AVTATIOeOT pey /VNa 3 pue Aeq 
TeqoL 


VNG sn/oqnutw rzed sjunog 
wo Ne ao A ee et eee en eee eee 


aeArey odhL-PTTM UF petaraodoy ARTATIOeOTpEYy Jo uoptAnqzaysTq 


cmAI STCPL 


49 


peop oism oTdwes stu. UT searel [Ty (a 


paxraaodsy APFAFIOOTPeY [eROY Jo Jusozeg (Pp 


seTdues Buppecdezd sexy 20 OMA dy JO SuUeSOM 9U Ole SABquMU poeUT{TAepun (9d 


poppe epyWexoqiavoeTozepytufoutue wat (q 
poppe ToufindoTTe wicg’g (# 


(29S) zee‘Te 059°69 Ze 1ST 

ToEeOL Z€S “69 €S9‘84T G°T (4 

779° 78 69L°69 TT7* 9ST oor (ey 
c2Ghe SCT{19 Ze 97 L9S°LOT 

ZUG. COE 666° 9T Thc. OGL G6°0 (q Il *dxg 

6S0°09 €98°SE 726° S6 8°T (eZ riiayee 
(409) 669‘80T Leg‘€L 9€€‘Z8T Ce ) 
(497) 62°19 87718 Cgc Sot 

69999 980‘ 26 ene Cor 6°0 (q I ‘dxg 

076‘89 OLL‘LL 069‘ 94T O°T (8Z Geen 
LeU) CCS GL 78e TOT OTLSOLT 9°0 7 
(206) -79¢° 8s 679° 6 068°TST 

827° 4S £8096 S9S‘ OST OZ (9 

€79° pL 079° %6 €92°69T G8°Z 564 

709° SH 6€2°06 €78 ‘CET qT’? (27 oufsoueng 
(469) 688°EE 8T7*6T CS6°2S yoy 4 
(419) 920°09 G69°LE 690°86 

L8z°4S O9L‘TE L70‘98 Lr (q 

S9L°S9 629°EY €80‘OTT cyt (eZ euytueng 
(489) TLS ET 87°29 69T*26T 9°T 7 Tl *dxqg 
(47S) 678°8S 6€2°OS 89S *60T Agr 4 z ouTsoUt 


Lew ie : » ¥ ee eee oe | LU ee MD fal . 
abe Wh Ae PA WRda sv. eh Shoo ai) i WAC i‘ ar 
eee AD AE A? a oh 
| ‘Gan ‘ i Ki ha un f hi i " ny 
ait ny a Ae A A NM ay ; ; i i H i 
a a Bye a é Fi : i rat AY mi ti Na Vs ay } mt : 
: bin Viva ay ara AN r beh ya 
ih 4) hes avg! ie 


i 
‘ ie 7 
AS ee 
PAR ha ae i 
. ie oh, j hk " N ap , alt ae 


a 
\; 
' 
~ 
i 
’ 
re 
‘ 
' 
‘a 
or 
4g 
i‘; 
A 
i) 
A 
dy 
<A | 
a 
oh 
La 
} 
* 
a 
ag 
Le) 
ee 
if 
a 
’ ae 
; 1 
“) bel v 
p .! 
i 4 fy) 
its, 7) Al 
bef ie ! 
ty a th a 
‘ TT Ly the 
| 4 se Ani? fe 
' ' % 7! 
ke ‘5 ‘fo 
td a4 a je 
“ \ ' ‘ 
. i ¢ > 
i. Ym 
dis a are 
j ; > cut 
A is A hi 
wi ry A 
te ., 
" Pi i, abe 
i Von in 
me), OA. Drie 
a 


50 


The amount of radioactivity recovered from guanine samples was 
generally lower than that from the other compounds. Two possible 
explanations for this finding may be suggested. It is quite likely 
that since the solubility of guanine is much lower than that of the 
other precursors, this may have affected its uptake by the larvae. 

An alternative possibility is that it may have been excreted at an 
increased rate, since it is quite extensively degraded (see discussion 
of Table IV-6). 

The proportion that was metabolized varied considerably from one 
precursor to another. The lowest fraction metabolized was found in 
the hypoxanthine samples, in which hypoxanthine degradation was 
prevented by allopurinol. Relatively little guanosine was metabolized, 
a fact which may be due to a peculiarity of Drosophtla metabolism 
which will be discussed later. 

Relatively high proportions (greater than 50%) of adenosine, 
inosine, and guanine were metabolized. One sample from the formate 
experiments (Exp II, Day 2, sample b) was exceptionally high, but 
generally 40 - 60% of formate was found in purine derivatives. 

The fact that there were considerable amounts of unused precursor 
in all cases indicates that the larvae were fed enough of all the 


precursors to saturate the enzyme systems involved in their metabolism. 
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D Metabolism of Radioactive Hypoxanthine and Inosine 


Table IV-3 summarizes the metabolic fate of hypoxanthine and 
inosine fed to wild-type larvae for two days. The complete data for 
these experiments, including Day 4 samples, are shown in the Appendix. 
Use of Day 2 data is justified by the fact that Day 4 data differ from 
them only quantitatively and not qualitatively. 

When hypoxanthine was fed, 26% of the radioactivity metabolized 
was found in nucleic acid purines. Most of the radioactivity metabol- 
ized (58%) was recovered in acid-soluble nucleotides. The fact that 
substantial amounts of hypoxanthine were converted to nucleotides 
supports the view that Drosophila larvae may possess considerable 
hypoxanthine phosphoribosyltransferase activity. This is in contrast 
to published reports on Drosophila cultured cells (Becker, 1974a, 1974b; 
Wyss, 1977), and on Musca domestica ovarian extracts (Miller and 
Collins, 1973). It is conceivable that IMP might be formed via the 
activity of purine nucleoside phosphorylase and inosine kinase. 

Becker (1974b) found activity of the former but not the latter. Morita 
(1964) found no appreciable activity of the former; however, since the 
evidence for all three of these enzymes is tenuous, in the interest of 
Simplicity, conversion of hypoxanthine to IMP will be assumed to take 
place via phosphoribosyltransferase activity. 

Very little of the precursor was catabolized, since only about 

% of the radioactivity was recovered in xanthine, uric-acid,—and 
allantoin: This is an artifically low finding brought about by the 
deliberate inhibition of xanthine dehydrogenase by allopurinol. A 
possible explanation for the difference in the results reported here 


and those of other workers concerning hypoxanthine-guanine phospho- 
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Table IV-3 
Metabolism of Radioactive Hypoxanthine and Inosine 


in Wild-Type Larvae” 


a ee Se ee ee ee ee Ne ee 
Percent of total amount metabolized 


Metabolite poranenwres ey naw 
es ae ER OE SEES Le, Se La eS SE Ree) see MeY f 
Nucleic Acid Kaanadae 16 27 32 
Nucleic Acid Guaninee LO y 14 2. 
AMP + ADP + ATP 47 37 on 
GMP + GDP + GTP 6 9 4 
IMP Z. | | Z 
XMP 0:9 1 0.6 
AMPS vi b Oe 
Adenosine Bye OnZ Oinah 
Inosine 3 
Xanthosine OnZ ih 
Guanosine 0.6 
Succinyl Adenosine i C Oc 
Adenine 0.4 0.8 OZ 
Hypoxanthine 3 2 
Xanthine 2) 0.8 0.7 
Guanine G29 0.6 0.04 
Uric Acid 0.6 On2 2 
Allantoin az € 3 

c Z c 


Allantoin + Xanthosine 


a) Only Day 2 data shown 

b) Nucleic acid adenine/guanine: Hypoxanthine = 1.7 
Inosine (Exp. I) = 1.9 
Inosine (Exp. LL) = cb.o 


c) Not measured 
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ribosyltransferase may be that no inhibitor was used in other studies. 

The ratio of nucleic acid adenine to nucleic acid guanine was 
1.7, which is approximately average for most of the precursors studied. 
It approaches the expected ratio of 1.5 based upon a 40% GC content of 
Drosophtla melanogaster DNA and ribosomal RNA (Laird, 1973). In 
contrast, the ratio of adenine nucleotides to guanine nucleotides in 
the acid-soluble pool was much higher, 

Figure IV-1 shows the pathways involved in hypoxanthine 
metabolism. Percentages shown are cumulative (as in all figures in 
this chapter), from the ends of the pathways toward the original 
precursor. Thus the number 67.1% between "Adenylosuccinate" and 
"Adenine Nucleotides" includes the fraction of radioactivity found in 
adenine, adenosine, adenine nucleotides, and nucleic acid adenine. 

From Figure IV-1, it is apparent that almost 95% of the radio- 
active hypoxanthine metabolized in the presence of allopurinol was 
converted to IMP, with only a small amount degraded. Most of the IMP 
formed was converted to adenine nucleotides, more than three times as 
much as was converted to guanine nucleotides. 

At the other two main branch-points of the pathway, adenine 


nucleotides and guanine nucleotides, the main direction of metabolism 


appears to be anabolic. Four times as much of the radioactivity was 


found in nucleic acid adenine than in adenosine or adenine, and about 
five times as much of the radioactivity in guanine nucleotides was 


converted to nucleic acid than was converted to guanosine. 


A larger proportion of the radioactivity which was converted 


to guanine nucleotides was subsequently incorporated into nucleic acids 


than the proportion which was converted to adenine nucleotides. The 
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larger fraction remaining in acid-soluble adenine nucleotides 
presumably reflects the fact that these nucleotides have a relatively 
more important role in energy metabolism than guanine nucleotides. 

Two experiments were performed using inosine as a precursor. 

In Exp II, AMPS was separated from the other nucleotides with a 
different chromatographic technique than that used in Exp I (see 
Chapter II, Section H-2). Thus, in the first experiment, the radio- 
activity in AMPS is partially included with the adenine nucleotides, 
since it was not separated from ADP. However, since the fraction in 
AMPS was found to be negligible in Exp II, this has no important effect 
GnSthe sresults. 

In these two experiments 55 and 54% of recovered radioactivity 
were identified in metabolic products of inosine. In Exp I, 41% and 
in Exp II, 53% of the radioactivity metabolized was recovered in 
nucleic acid purines; 46 and 35% respectively were found in the acid- 
soluble nucleotide pools. 

The fraction remaining in nucleic acid plus acid-soluble 
nucleotides was similar for both the hypoxanthine and inosine exper- 
iments (about 92%). However, since a much larger amount of radio- 
active inosine was metabolized, this means that the actual amount of 
radioactive precursor converted to nucleotides was much greater in the 
inosine experiments. 

It is notable that, despite the absence of allopurinol, very 
little inosine was degraded to xanthine, uric acid and allantoin. 
Indeed, the immediate product of phosphorolysis of inosine, (namely 
hypoxanthine) was not found in large amounts (2 - 3%). These findings 


suggest that inosine may be utilized directly by phosphorylation, 
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rather than degraded first to hypoxanthine, which then acts as a 
substrate for hypoxanthine phosphoribosyltransferase. 

Figure IV-2 illustrates the metabolism of inosine, with 
separate pathways shown for each experiment. In Exp I, AMPS and 
succinyl adenosine were not separated and so are not included in the 
figure. Xanthosine was not separated from allantoin in this experiment. 
However, since in Exp II where they were separated, most of the radio- 
activity was found in allantoin, the combined percentage is shown in 
allantoin in this figure. 

If the two pathways are compared, it can be seen that the 
results of the two experiments are quite similar. In both experiments, 
about 93% of the radioactive inosine was converted to IMP and about 7% 
was degraded. In both cases, about 65% of IMP formed was converted to 
AMPS and about 26% to XMP and their metabolites. The fractions which 
were converted to nucleic acid were somewhat higher in Exp II, and 
there was less catabolism of both adenine and guanine nucleotides. 

The main point of ambiguity regarding inosine metabolism 
concerns the question of whether it is converted directly to IMP via 
inosine kinase, or whether it is first converted to hypoxanthine and 
thence to IMP via hypoxanthine phosphoribosyltransferase. As 
previously mentioned, the lack of degradation of inosine in the absence 
of allopurinol suggests the possible activity of inosine kinase. 

There is little evidence for the presence of this enzyme in animal 
cells (Murray, 1971), however. For this reason, it has been suggested 
that the lack of degradation found when inosine is used as a precursor 
may be explained by the possibility that inosine is only relatively 


slowly converted to hypoxanthine, perhaps giving the phosphoribosyl- 
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transferase a competitive advantage over xanthine dehydrogenase 

(J.F. Henderson, personal communication). This might be brought about 
if the concentration and also the K, of the former were lower than the 
latter. However, Wyss (1977) found that inosine but not hypoxanthine 
could rescue cells whose purine synthesis had been blocked by metho- 
trexate. He concluded that inosine kinase but not hypoxanthine 
phosphoribosyltransferase was present. 

Although it is impossible to make a definitive statement 
regarding either the presence or absence of the kinase on the basis of 
the data presented, at least one other piece of circumstantial evidence 
points to its possible presence. Inosine was utilized to a much greater 
extent than hypoxanthine for nucleotide synthesis, even when degrada- 
tion of the latter was prevented. A comparison of the fractions of 
the "Total Radioactivity Recovered" (rather than of the "Total 
Amount Metabolized") which were converted to nucleotides may serve to 
Clarify this issue. About 50% of the radioactivity recovered when 
inosine was used as a precursor was converted to nucleotides. This 
fraction in the hypoxanthine samples was only 20%. This finding could 
also be explained in the absence of inosine kinase, however, if trans- 
port of nucleosides into the cell were more efficient than that of 
bases. If, as has been suggested, the toxic effect exerted by 
nucleosides occurs only after conversion to the appropriate nucleotide, 
the fact that the nucleosides are more toxic than their corresponding 
bases (with the exception of adenine---see el Kouni and Nash, 1977) 
would be another indication of the more efficient utilization of 
nucleosides by Drosophtla larvae. However, it may be that the nucleo- 


sides themselves, rather than their nucleotides, exert the toxic 
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effect (J.F. Henderson, personal communication). Accordingly, since 
there exists real doubt as to the way in which inosine is metabolized, 


the alternative pathways are shown in dashed lines in the two figures. 


E Metabolism of Radioactive Adenosine 


Table IV-4 shows that radioactive adenosine was incorporated 
into nucleic acid with about the same efficiency as was inosine 
(about 38%), and with greater efficiency than hypoxanthine. The 
percentage metabolized that was found in acid-soluble nucleotides was 
lower than when inosine and hypoxanthine were used as precursors. 
If the fraction of radioactivity recovered (rather than of the amount 
metabolized) which was converted to nucleotides is calculated, however, 
it closely approximates those of inosine samples, or about 50%. 
ims appears to be due to the fact that, although a-higher fraction of 
adenosine than inosine was metabolized, 34% of the amount metabolized 
represented catabolism to inosine, and somewhat less remained unused 


when adenosine was used as a precursor. 


The high fraction of radioactivity recovered as inosine, 34%, 


suggests that Drosophila larvae have a very active adenosine deaminase. 


Becker (1974b), working with Drosophila cell extracts, also found 
considerable adenosine deaminase activity. Other than conversion to 
inosine, there was very little catabolism, with less than 1% of the 
radioactivity metabolized found in almost any of the other nucleosides 
or bases. 

The ratio of radioactive adenine to guanine in the nucleic acid 


fraction was 1.6, very close to the same value obtained for hypoxan- 
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Table IVv-4 
‘Metabolism of Radioactive Adenosine 


in Wild-Type Larvae” 


EY LOE EE MAUS BER Reo A ak te gd ae et 1 Ng Re a a 
Percent of total 


Metabolite amount metabolized 
: : FD 
Nucleic Acid Adenine 24 
Nucleic Acid Guanine 14 
AMP + ADP + ATP 19 
GMP + GDP + GTP 2 
IMP 0.8 
XMP OF5 
Inosine 34 
Xanthosine 
Guanosine 0.9 
Adenine 0.9 
Hypoxanthine O79 
Xanthine 2 Fei 
Guanine 0.6 
Uric Acid On 
Allantoin + Xanthosine Z 


a) Only Day 2 data are shown 
b) Nucleic acid adenine/guanine = 1.6 


c) Not measured 


61 


% 7 ne 
i \ ak 
Hi Ay ca ba hy) 
; iy Oa ee ty ity WY, i) Kia y 

ke: i PPL att ihe nee rae | vp, ‘a 

/ mn ; eh ee sa 
Bat ii © f} HAG ie d vil 

\ ; mur 
i t 
hae | 
0 th jlo | 
iy al ‘" vue : pa 
Ph | i} 
; i 
' AD ra {ere i 
wow i 


Seer lela isan tach drink a me eres Ms ; is 
(\y abiohebea % 4, beri padres Zieh 
Si tel i Pala | 


i 
ee ep ed he pela fakin fap Bee TN vanbe BAT ae 
} a 
+ 


thine, inosine, and formate samples. This ratio in acid-soluble 
nucleotides was almost 10, which is somewhat higher than the 8 found 
in hypoxanthine samples and the average of 6 found in inosine samples. 

Assuming that deamination of adenosine rather than adenylate is 
the reaction of major importance in adenosine metabolism, Figure IV-3 
shows that most of the adenosine, about 57%, was converted to inosine 
via adenosine deaminase. The large amount of radioactivity recovered 
as inosine indicates a high activity of this enzyme. 

It is impossible to determine just what fraction of adenine 


nucleotides was formed from IMP as a result of the activity of adeno- 


Sine deaminase plus inosine kinase, and what fraction was formed direct- 


ly from adenosine via adenosine kinase. Accordingly, in the interest 
of simplicity, no value is placed on the reactions from IMP to adenine 
nucleotides, although they are shown. It is possible to speculate, 
however, on the importance of the contribution of these reactions by 
comparison with the inosine experiments. If it is assumed that the 
ratio of IMP formation from inosine to catabolism of inosine is 
roughly the same as when inosine was fed, then about 50% of the radio- 
activity was converted to IMP in the adenosine experiment. If this is 
the case, then following the same logic, about 30% of the radioactive 
adenosine was converted to adenine nucleotides via IMP and only about 
13% via adenosine kinase. If this were the case, almost 90% of the 
adenosine metabolized was deaminated to inosine. 

Xanthosine was separated from allantoin in this experiment, but 
Since in other experiments (see Tables IV-3 and IV-6) most of this 


radioactivity was found to be in the allantoin fraction, this percent- 


age is shown as such in Figure IV-3. 
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F Metabolism of Radioactive Guanine and Guanosine 


It is evident from Table IV-5 that the primary metabolic fate 
of guanine was degradation. The largest fraction, 52%, was recovered 
in uric acid, with an additional 32% in xanthine and allantoin. This 
indicates that guanine deaminase, xanthine dehydrogenase, and uricase 
are all quite active in the larvae. Since the ratio between the amount 
of radioactivity in uric acid and allantoin is much higher than in the 
other experiments, it is probable that ere activity was saturated 
under these conditions. 

Only negligible amounts of radioactivity were found in nucleic 
acid and acid-soluble nucleotides, in contrast to the results of the 
hypoxanthine experiment. Since only one enzyme, hypoxanthine-guanine 
phosphoribosyltransferase, is generally assumed to be responsible for 
the utilization of both bases for nucleotide synthesis, this finding 
is somewhat unexpected. However, in the hypoxanthine experiment, 
degradation of the precursor was prevented by allopurinol. No equiv- 
alent inhibitor of guanine deaminase is available, so that it is not 
possible to investigate the utilization of guanine in precisely the 
same way as hypoxanthine. The extensive degradation of guanine may 
indicate that guanine deaminase has a higher affinity for its substrate 
than the phosphoribosyltransferase. 

Figure IV-4 illustrates the relative importance of catabolic 
and anabolic pathways when guanine is used as a precursor. ecus 
obvious that most of the guanine was catabolized. Only about 15% was 
converted to guanine nucleotides, indicating a low activity of guanine 
phosphoribosyltransferase under these conditions. About 9% of the 


radioactive guanine nucleotides was converted to IMP and thence to the 
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Table IV-5 
Metabolism of Radioactive Guanine and 


Guanosine in Wild-Type Larvae* 


Percent of total 
amount metabolized 


Metabolite Guanine  Guanosine 
Nucleic Acid eters One 0.0 
Nucleic Acid elaminee OS: 69 
AMP + ADP + ATP 0.8 3 
GMP + GDP + GTP 0.4 14 
IMP 2 0.8 
XMP 0.4 1 
Adenosine i) i 
Inosine 3 0.7 
Xanthosine A: O29 
Guanosine 

Succinyl Adenosine 0.4 af 
Adenine OFZ 55) 
Hypoxanthine OS5 0.3 
Xanthine iy 3 
Guanine 1 
Uric Acid 52 3) 
Allantoin ED c 


a) Only Day 2 data are shown 
b) Nucleic acid adenine/guanine (Guanine 
experiment) = 7.3 


c) Not measured 
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other metabolites shown. Presumably this occurred via GMP reductase, 
although the activity is so low that the line indicating its presence 
is shown in dashes to imply its relative unimportance. 

Adenylosuccinate was not measured in either the guanine or 
guanosine experiments and so is shown in parentheses in this and the 
following figures. 

Guanosine, by contrast, was primarily anabolized, with 88% of 
the radioactivity found in nucleic acid and acid-soluble nucleotides. 
This difference in the utilization of the nucleoside and base again 
Suggests the possibility of nucleoside kinase activity. The arguments 
for and against the presence of guanosine kinase are basically the 
same as those for inosine kinase (see discussion of Figure IV-2). Slow 
conversion to guanine might give the phosphoribosyltransferase a 
competitive advantage over guanine deaminase (rather than xanthine 
dehydrogenase) in this case. It cannot be concluded from these results 
whether guanosine kinase is present or not. It was not found in 
Drosophila cultured cell extracts by Becker (1974b), but Miller and 
Collins (1973) concluded it was present in Musca domestica ovarian 
extnacts: 

The fractions of the total radioactivity recovered which were 
converted to nucleotides were about 33% for the guanosine experiment 
and about 10% for the guanine experiment. The 33% compares favorably 
with the 50% found for inosine and adenosine samples. 

The most clear-cut conclusion which can be drawn from these 
results, however, is the fact that Drosophila larvae virtually lack 


GMP reductase activity. No radioactivity was recovered in nucleic 


acid adenine although 69% was found in nucleic acid guanine, and only 
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3% was converted to acid-soluble adenine nucleotides in the guanosine 
experiment. It is difficult to draw any conclusions about this from 
the guanine experiment due to the negligible amount of guanine which 
was converted to nucleotides. The low activity of GMP reductase found 
in this study corroborates the findings of other workers on Drosophila 
cultured cell extracts (Becker, 1974b) and on Musca domesttca ovarian 
extracts (Miller and-Collins, 1973). 

This lack of GMP reductase activity may explain why the fraction 
of radioactivity recovered which was converted to nucleotides, 33%, was 
lower than the 50% found in inosine and adenosine samples, and why the 
"Total Amount Metabolized" fraction was only 38% (see Table IV-2). 

Figure IV-5 reflects the uncertainty concerning the presence of 
guanosine kinase (and GMP reductase) by the use of dashed lines. 
Allantoin was not measured in this experiment and so is shown in 
parentheses. Since only 3% of the radioactivity was found in uric 
acid, it appears unlikely that a significant fraction would have been 
found in allantoin. 

It is interesting to note that the same small fraction of 
radioactive precursor, 9%, was converted to IMP in both the guanine 
and guanosine experiments. It must be remembered, however, that in 
both cases only very small amounts of radioactivity were found in each 
metabolite resulting from this GMP reductase activity, and the 9% 


represents the sum of radioactivity in ten different metabolites. 
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G Metabolism of Radioactive Formate 


Formate, in these experiments, is assumed to be incorporated 
into the purine ring in the penultimate step of the de novo synthetic 
pathway as 10-formyl tetrahydrofolate. Aminoimidazolecarboamide was 
added to the medium to divert available PRPP to the synthesis of its 
nucieotide, and to reduce the purine synthesis.o: ‘the earlier, segment 
of the pathway. This ensures that formate fed will be incorporated 
as the 10-formyl rather than the 5,10-methenyl tetrahydrofolate 
derivative which serves as a substrate earlier in the pathway. Also, 
the purine-requiring mutants might not be able to synthesize the 
aminoimidazolecarboxamide nucleotide themselves. 

According to the results shown in Table IV-6, radioactive 
formate was incorporated quite extensively into purine nucleotides. 
The two experiments performed show very similar results. About 40% of 
the radioactivity metabolized was recovered in nucleic acid purines. 
The ratio of nucleic acid adenine to guanine was the same as the 
average value of 1.7 found in the hypoxanthine, inosine, and adenosine 
experiments. 

The acid-soluble nucleotide fraction included about 45% of the 
radioactivity metabolized, and if this fraction is combined with that 
in nucleic acid, a total of roughly 87% remained as nucleotides. Thus 


a relatively small amount of the radioactivity in nucleotides was 


catabolized, the largest fraction in any catabolite being 4.6 or % in 
allantoin. The difference between the two experiments in the nucleo- 


side fractions is probably a result of the different chromatographic 


techniques used. 
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Table IV-6 


Metabolism of Radioactive Formate 


in Wild-Type Larvae™ 


Percent of total 
amount metabolized 


c) Not measured 


d) No measurable radioactivity 


Metabolite Exp. Bcpis| sl 
Nucleic Acid Mnedeces 25 25 
Nucleic Acid Guariaee a5 16 
AMP + ADP + ATP 33 39 
GMP + GDP + GTP 7 

IMP 3 

XMP Al: 0.6 
AMPS c 

Adenosine 0.6 Oz 
Inosine On3 
Xanthosine 0.07 
Guanosine Ons 
Adenine a OE 
Hypoxanthine O25 0,4 
Xanthine OFZ d 
Guanine i O25 
Uric Acid 2 1 
Allantoin c 4.6 
Allantoin + Xanthosine 5 c 

a) Only Day 2 data are shown 

b) Nucleic acid adenine/guanine: Exp. I = 1.7 
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Figure IV-6 shows that at the main branch-point of the pathway, 
IMP, about 60 - 65% of radioactivity Reece was converted to 
adenine nucleotides and about 25% to guanine nucleotides. Not 
unexpectedly, this is very close to the percentages obtained in the 


inosine experiment. About 10% was catabolized. 


H Summary and Conclusions 


In general, larval DNA content ier eneed from about 0.020 to 
0.050 ng from the second to the fourth day in these control experiments, 
with some variation depending on precursor. 

Inosine and adenosine were taken up by the larvae much more 
efficiently than were the other precursors. Guanine was not very well 
taken up by larvae. This may have been due either to its insolubility 
or to increased excretion of this compound. 

A considerable amount of radioactive hypoxanthine was converted 
to nucleotides, suggesting activity of hypoxanthine phosphoribosyl- 
transferase. Conflicting reports on this activity from other workers 
could be explained if only larvae, or perhaps even only certain larval 
tissues possessed the activity, since other work was done on cultured 
cells or adult extracts. The very low rate of incorporation into 
nucleotides observed is consistent with the hypothesis that only one 
or a few larval tissues possesses the ability to utilize hypoxanthine 
for nucleotide synthesis. 


Evidence has been presented which may indicate the presence of 


inosine and guanosine kinases. 
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Extensive conversion of radioactive adenosine to inosine 
indicates the presence of a very active adenosine deaminase in wild- 
type larvae. 

Guanine deaminase, xanthine dehydrogenase, and uricase were 
shown to be quite active in Drosophtla larvae by the extensive degrad- 
ation of radioactive guanine. 

Hypoxanthine-guanine phosphoribosyltransferase appears not to 
be very active when guanine is a substrate. It may not have as much 
affinity for guanine as for hypoxanthine in Deeophe or, since no 
catabolic inhibitor was used in the guanine experiment, the phospho- 
ribosyltransferase might not have as much affinity for its substrate 
as guanine deaminase. 

GMP reductase activity was shown to be almost negligible in 
both the guanine and the guanosine experiments, confirming other 
reports of the absence of this enzyme in Drosophila. 

Radioactive formate with aminoimidazolecarboxamide was 


incorporated extensively into purine nucleotides. 
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CHAPTER V- BIOCHEMICAL STUDIES OF PURINE-REQUIRING MUTANTS 
A Introduction 


The purpose of the work presented in this chapter was to 
investigate the biochemical bases for the genetic defects in several 
purine-requiring auxotrophs of Drosophila. Five such mutants were 

‘ sd ts 
tested: purl-1, pur1-2, adel-1"~, ade2-1, and gua2-1. The gual-1 
mutant was not tested because no homozygous stock was available. 
Genetic and nutritional studies on these mutants have been interpreted 
as suggesting that the purl mutants have a biochemical block in de novo 


d 


purine biosynthesis (Falk and Nash, 1973); that ade1-1°° is blocked in 
AMP synthesis from IMP; and that gua2-1 is blocked in GMP synthesis 
from IMP (Johnson, Nash and Henderson, 1977). It has been suggested by 
Naguib (1976) that the ade2-1 mutant might have a block in de novo 
purine synthesis, or it might have a mutation in adenylosuccinate lyase 
(necessary for two steps in the pathway). 

The biochemical data obtained for these mutants indicate a much 
more complicated biochemical situation than the simple hypotheses 
suggested by the genetic data. One mutant, ees showed no large 
differences from wild type. This is not entirely surprising, since the 
mutant phenotype is quite weak (it is not lethal but merely slower to 
develop on defined medium). The data are not presented and the mutant 
will not be discussed further. The other mutants showed numerous 
differences from wild type, often apparently unrelated to their mutant 
phenotype. These differences will be discussed in relation to the 
original hypothesis for each mutant and an attempt will be made where 
possible to integrate as many differences as possible into a reasonable 
alternative hypothesis concerning the cause of the auxotrophy. 


76 


Sow OREN 

ie 

ont J. wind | 7 iy \ oul ual Eile “a bas i ee Fain’ vas, lite sues. by woh " 
| ‘ ‘ { fe . Me , hae ul 
6 splot rel al (mY. Ao oithoy 6) -oqyrnn 
Hider ade Bien! Bodog tein bum veln ge Fagen aac 

: * iy . D \ 7 
SAWCT Yet bate tA naitle aft, ‘a Snel 
a m % 7 , dyn 
il ; d id . ‘ 
gtiaiape atiosht a So dKOrSouss ne coal ‘bishe «pei 


ike ONY 7 1103 sie Sh) CUE Mom 26S ele oe bie sibaitictory 


7) Pais ks Nini ait ke as ee 


2 ¥ j 
a 1 pels r 


wy 


However, in general the results were inconclusive for several reasons. 


Inevitably in working with higher organisms, there are a 
number of complications in the interpretation of data such as these. 
The mutants are not, in a strict sense, comparable to the wild-type 
controls because they do not grow unless supplemented with high 
concentrations (3.5 mM) of either adenosine or guanosine. In such 
circumstances, measurement of specific activity (incorporation ee 
microgram of DNA) might emphasize changes in residual metabolism, 
Pee iecouenleakine major effects, onuwnetabiosynthetic,act¢vitys,. It as 
not a simple matter to compensate for inherent difficulties in this 
System. Supplementing concentrations of adenosine or guanosine are, 
in fact, quite toxic to the wild type, so experiments carried out at 
any precursor concentration must have a detrimental effect on either 
the mutants or the wild type. DNA content was used to normalize the 
amount of radioactivity in each sample in experiments on wild-type and 
mutant larvae. This may present a problem in the interpretation of 
the mutant studies since the mutants are ostensibly deficient in 
purine synthesis and hence, presumably, in DNA synthesis. 

Furthermore, experiments such as these do not distinguish which 
cell type performs the synthesis observed, since the extracts are 
from whole larvae and represent the sum of purine metabolism in all 
ticsueseupitaisrquice: possible that there 15 “arcritical- tissue which 
cannot synthesize purines (or a particular purine), or that certain 
tissues need more purines than can be synthesized at a certain stage 
of development. 

As stated previously, the amount of data generated in a study of 


this type is very large. Only selected parts of it are presented in 
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this chapter. The rest appears in the Appendix in Tables A-6 through 
A-27. Tables in this chapter are of the same format as those in the 
previous chapter, showing a summary of the data presented in the 
appendix. Specific results which differ substantially from the wild 
type are underlined. 

Also included in this chapter are data from experiments on 
supplemented wild-type larvae. These experiments were performed to 
determine the effect of the addition to the medium of supplementing 
concentrations (3.5 mM) of guanosine on incorporation of radioactive 


precursors. 


B Experimental Conditions and Larval DNA Content 

Table V-l presents the precursors and’ their concentrations, 
supplements used, and DNA content per larva in each sample for 
experiments on mutant larvae. Concentrations of precursors were in 
most cases the same as those in control experiments, except for the 
guanosine experiment on the gua2-1 mutant. In this case the precursor 
concentration was the same as the usual supplement concentration, 

3.5 mM, in order to encourage growth of the mutant as well as to 
determine the metabolic fate of the supplement. Glycine was not fed 
to wild-type larvae, but was present in experiments on mutants at a 
concentration of 1 mM. 

It is evident from their DNA content that the mutants, for the 
most part, did not grow as well as the wild type. Exceptions were 
purl-~1 with formate and hypoxanthine, purl-2 with formate, and gua2-1 
with guanosine. The mutant larvae generally either showed no increase 


or only a very small increase in DNA content from the second to the 
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Table V-1 


Experimental Conditions and Larval DNA Content--Mutant Drosophila 


Precursor and 


Concentration Day and Number of ug DNA/ ug DNA/ 
Mutant (+ Supplement) Sample Larvae/Sample Sample Larva 
puri-~1 Glycine 2a) 90 1.6 0.018 
1 mM b) 285 fe) 0.018 
4 85 2.0 0.024 
< 
Formate 2a) 90 1.6 0.017 
1 o™ b) 100 i 0.035 
4 23 Lid 0.048 
Hypoxanthine® 2 90 1.6 0.017 
1 mM 4a) 50 RAS 0.030 
b) 30 iS 0.050 
b 
Formate 2 $0 0.65 0.007 
1 o™ 4 24. 0.4 0.017 


(+ Guanosine’) 


purj]-2 Glycine 2 60 A ey4 0.020 
1 mM 4 18 0.65 0.036 
Formate: 2a) 60 16 0.027 
1 mM b) 95 2.9 0.030 

4 6 0.4 0.067 
Hypoxanthine™ 2a) 85 1.7 0.020 
1 oM b) 85 ya) 0.025 

4 60 128 0.030 
Formate” 2a) 90 Le 0.016 
1 o™M b) 80 3.0 0.038 
(+ Guanosine’) 4 15 0.3 0.020 
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Precursor and 


Table V-1 (con't) 


Concentration Day and Number of 

Mutant (+ Supplement) Sample Larvae/Sample 
ade2-1 Glycine 2 120 
; 1 o™ 4a) 85 
b) 85 

. : 
Formate 2a) 90 
1 mM b) 60 
4 75 
Hypoxanthine® 2a) 60 
1 mM b) 60 
4a) Bees, 
b) 40 
Guanine 2a) 90 
1 mM b) 90 
4 86 
Guanosine 2a) 90 
1 mM b) 90 
4a) 50 
b) 36 
b 

Formate 2a) 90 
1 m™ b) 53 
(+ Adenosine’) 4 28 
guaa-J Hypoxanthine® 2 90 
1 mM. 4 66 
Inosine- 2a) $0 
0.3 mM b) 90 
4 46 


ug DNA/ 
Sample 


1.5 
0.8 
in2 


1.9 
0.65 
fad 


0.5 
0.65 
1.0 
0.8 


ug DNA/ 


Larva 


0.013 
0.009 
0.014 


0.021 
0.011 
0.029 


0.008 
0.011 
0.027 
0.020 


0.016 
0.018 
0.024 


0.013 
0.019 
0.019 
0.019 


0.031 
0.023 
0.021 


0.015 
0.018 


0.018 
0.020 
0.020 
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Table V-1 (con't) 


Be Se SE Ss I 5 Cia al dae : . 


Precursor and 


Concentration Day and Number of ug DNA/ ug DNA/ 
Mutant (+ Supplement) Sample Larvae/Sample Sample Larva 
di an ae ee eae 
guaz-1 SGuanosine 2a) 50 1.2 0.024 
3.5 mM b) 90 27 0.030 
4 10 0.48 0.048 
Inosine Z 85 1.65 0.019 
0.3 mM 4 22 0.4 0.018 


(+ Guanosine*) 


Guanine Vinge 90 2.5 0.028 
1 ™ 4 47 1.6 0.034 


(+ Guanosine’) 
Sees EE Uee Soe auton s Veen 9 ne ee es 
a) 0.5 mM allopurinol added 


b) 1 m™ aminoimidazolecarboxamide added 


c) Supplements were added at a concentration of 3.5 mM 
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fourth days. It is interesting to note that the DNA content on Day 2 
is quite similar to the results in control experiments. This result 
would be expected if the larvae were able to utilize a maternal pool 
of purines during very early larval life. It is perhaps surprising 
that the presence of supplements in the medium was not correlated with 
an increase in DNA content, except for the gua2-1 mutant. 

Table V-2 shows the same information as the previous table for 
supplemented experiments on wild-type larvae. The fact that these 
supplements are toxic to the larvae is indicated by the fact that 
there were so few live larvae left on Day 4 in the two experiments. 
In general the larval DNA content did not increase as much as in 
experiments Ren supplements, probably as a result, of the toxicity 


of these compounds. 


C Distribution of Radioactivity Recovered 

Table V-3 shows the amount of radioactivity recovered and the 
amount which was metabolized in counts per minute per microgram of DNA 
for all the experiments performed on mutant larvae and supplemented 
wild-type larvae. Day 2 data only are shown in the interest of 
simplicity. Day 4 data generally showed little change in terms of 
percentage of recovered radioactivity which was metabolized, in 
contrast with the increased percentage which was typical of control 
experiments. 

The amount of guanosine recovered in the experiment on guaz-1 
was very large due to the much higher concentration used (3:5 mM). 
The amount of radioactivity recovered in glycine experiments was also 


deceptively large in comparison to other precursors due to the high 
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specific activity of the glycine used (about twice as high as that of 
other compounds). 

Further details of this table relevant to the auxotrophic pheno- 
type of each mutant will be discussed in the section reserved for that 
mutant. 

Table V-4 shows the percentage of the total amount metabolized 
which was found in various metabolites of wild-type larvae when 
Supplementary guanosine was added to medium containing radioactive 
formate and inosine. This table includes data which serve as controls 
for supplemented experiments on mutants and will be discussed where 


pertinent. 


D Behavior of the puri-~1 and purl-2 Mutants 

Four different experiments were performed on each of the two 
purl mutants, using radioactive glycine, formate, and hypoxanthine. 
Formate was used both alone and in combination with non-radioactive 
guanosine as a supplement. The results, shown in Tables V-3, V-5, 
and V-6, revealed few differences from wild-type; nor were these 
differences consistent either from precursor to precursor or from one 
mutant to the other. 

Only two findings were compatible with the hypothesis that purl-1 
is blocked in de novo synthesis. First, Table V-5 shows that there was 
a lower fraction of radioactive formate which was recovered in acid- 
soluble adenine and guanine nucleotides (for wild type see Table IV-6). 
This might be expected if the mutant had a biochemical block in one of 
the last two steps of the pathway of purine synthesis de novo. The 


larvae had only to convert the aminoimidazolecarboxamide present in the 
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Table V-4 


Metabolism of Radioactive Precursors in Supplemented 


Wild-Type Larvae” 


Percent of total amount metabolized 


Metabolite Formate: Inosine 
(+ Guanosine) (+ Guanosine) 
Nucleic Acid CERES 39 Pa 
Nucleic Acid aes 3 Or 
AMPS ADP + ATP 26 33 
GMP) + GDP + GTP 5 2 
IMP 
XMP 0.5 Om5 
Adenine + Adenosine 0.5 Cn 
Hypoxanthine + Inosine i a 
Xanthosine 4 O53 
Guanine + Guanosine 0.9 O59 
Succinyl Adenosine c OFS 
Xanthine Oo 6 
Uric) Acid 8 16 
Allantoin 9 9 
a) Only Day 2 data shown 
b) 1 mM aminoimidazolecarboxamide added 


c) Not measured 
d) Nucleic acid . adenine/guanine: Formate (+ Guanosine): 14.3 


Inosine (+ Guanosine): 38.3 


e) Precursor excluded 
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Table V-5 


Metabolism of Radioactive Precursors in purl1-1 Larvae® 


Percent of total amount metabolized 


Metabolite Glycine Foradte: Fornaces Hypoxanthine® 
(+ Guanosine) 


a ee A EE RR a 


Nucleic Acid ndediner 49 28 41 19 
Nucleic Acid Guanine’ 7 16 e 17 
AMP + ADP + ATP ad 23 37 41 
GMP + GDP + GTP 14 4 3 5 
IMP 1 1 Z 1 
XMP 0.6 0.8 0.5 0.5 
AMPS c c c 0.5 
Adenine + Adenosine 0.1 0.5 0.5 7 
Hypoxanthine + Inosine 0.9 0.6 0.8 18 
Xanthosine 2 2 0.2 0.4 
Guanine + Guanosine 0.9 0.7 0.9 2 
Succinyl Adenosine Cc Cc c 0.8 
Xanthine e 0.1 ue 3 
Uric Acid 7 ae) 9 0.4. 
Allantoin i 4 ss) a 


a) Only Day 2 data shown 
b) 3 mM aminoimidazolecarboxamide added 
c) Not measured 
d) 0.5 mM allopurinol added 
e) No measurable radioactivity 
f) Nucleic acid adenine/guanine: Glycine: 7.1 
Formate: 1.8 
lypoxanthine: 1.1 
g) Precursor excluded 
h) Underlined numbers represent values which are very different 


from wild-type. 


j 
aT 
i 
i 
‘ 
® ee " ; ‘ eek: e: sh Bie 
BEYER: PT Ms sak oats 
se Uk el a age rn chia ah diay 
oe a beh turk 4 oe at 
PRPS Se ANE aR Cs Ne 
Met Aah Ra Waite ate et 
wield ‘ ma ova EW itera cw 
ee ee oe he eee a Ae anal ere 
‘ ¢ Vea yet iM Py ogee 1) a i 
SAT as or Pay he hake a Ree te og oy x 
ALERT DER OEE 1s aa bp oe 
: h \ f i }, Sag a 
/ ‘ huey re Nt a PHY a) ag) 
: Ke ~~ Rude at wy Pare C, i 
' hb eh ii aie Ga 
Au. 4 3, 
i i nf 
* q 
te | ' < ae 
Lo 
i 
o] ‘ i} 
ea 
t) 
~ : 1 
w y 
, : ’ 
af a 
at > 4 
‘ ry tend 
* a 
~~ r, Y 
oe Ss 1 
¥ is 
\ 0 
sae ¥ 
” P ; 7 he 
Vt 
we ¥ .W 
* unt } 
k fy | 
J ae =) 0 i i 
i J - 
. 1 x ee 
ay rs We 5 Be es aa 
ah Yoo 
O44 ) es 
: e ¥ ¥ 
7 
: ae t 
Aga} re " 
he A 9 ; 
i * 7 J A 
I ‘ier ie oom 
{ ; 
A 
Clade png AAI Ne 'vtnchnss yhlns ks ypc estat ty eagle ily Uecaeatibbeep blsallieils) 
) pyeo este ind Se oe ye A ert 
; ei Me 
“. 
’ . 
iy At: 
y + 
j 
ym i 
hh ; 
oy "i : ' 
\ i 


a | 
heey oat 

i ro : ie 
itty Nu Pace Wh ' 

6 Oe ae A: yl ain a ee 
eh Arie 
j 
> 


89 


medium to its nucleotide and complete the last two steps to form IMP. 
In apparent contradiction to this, the percentage of radioactive 
formate which was converted to nucleic acid was approximately the same 
as in the wild type. These two observations are compatible with a 
modified hypothesis that the larvae have an enzyme deficiency in one of 
the earlier steps of the de novo pathway and use the aminoimidazole- 
carboxamide (and formate) to supply purines they otherwise could not 
make. Then, if the concentration of aminoimidazolecarboxamide used, 

1 mM, were sub-optimal for supplementation and the purines produced 
were used preferentially for nucleic acid synthesis, this would explain 
the deficit in the acid-soluble pool. 

The second item of evidence in favor of the original hypothesis 
is that P greater fraction of radioactivity was incorporated into 
nucleic acid in the hypoxanthine experiment than in the wild type 
(see Tables IV-3 and V-5). The nucleic acid adenine fraction was only 
Slightly higher, whereas the nucleic acid guanine fraction was almost 


twice as high as that found in the wild-type experiment. 


Several findings, however, were inconsistent with the hypothesis 
that the pur1-1 mutant is deficient in de novo purine synthesis. 
First, it is evident from Tables V-3 and V-5 that these larvae 
incorporated substantial amounts of radioactive glycine into purines. 
In addition, Table V-3 shows that only about half as much radioactive 
hypoxanthine was recovered as in the wild-type experiment (see Table 
IV-2) , although the fraction which was metabolized was about the same. 
If the mutants lacked the ability to produce IMP, one would expect 
that any available hypoxanthine would be salvaged at least as 


efficiently as in the wild-type, if not more so. Finally, the ratio 
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of nucleic acid adenine/guanine in the hypoxanthine experiment 

(shown at the bottom of Table V-5) was substantially lower than in the 
wild type (see Table IV-3). This finding is unexpected not only in 
terms of the original hypothesis but also in view of the fact that 

this ratio was normal in the formate experiment. Since both precursors 
are presumed to be converted first to IMP, the reason for this 
difference was not apparent. 

There were several differences from wild type which appeared to 
be unrelated to the hypothesis being tested. (1) There was an increased 
percentage of radioactivity metabolized which was found in uric acid 
and allantoin in the formate experiment (compare Tables IV-6 and V-5). 
Since this increased catabolism was typical of many experiments on 
mutants (with the exception of the hypoxanthine experiments, where 
xanthine dehydrogenase was inhibited) as well as the supplemented 
experiments on wild type (see Table V-4), this may be a general 
phenomenon associated with larval death. (2) In the formate plus 
guanosine experiment the fraction of radioactivity found in acid- 
soluble adenine nucleotides was 37%, much higher than the 26% found 
in the control experiment (see Table V-4). The fraction found in acid- 
soluble guanine nucleotides was somewhat lower than in the wild-type 
experiment. In nucleic acid purines as well, the adenine fraction was 
slightly higher and the guanine fraction lower than in the wild type. 
(3) In an experiment using radioactive glycine with azaserine and 
supplementary guanosine (data not shown), incorporation of the 
precursor into FGAR in the purl-1 experiment was approximately twice 
that of the wild type (in cpm/yg DNA), comparable, in fact, to the 


result obtained from the wild type without guanosine. Considering the 
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fact that guanosine was toxic to the wild type and necessary for the 
survival of the mutant larvae, the increased fraction in adenine 
nucleotides and FGAR may be quite understandably due to the different 
effects on the two strains of the supplement. On the other hand, the 
reduction in radioactivity recovered in the wild type in the presence 
of guanosine could be due to feed-back inhibition to which the mutant , 
presumably with less purines, was apparently not subject. It is 
difficult to distinguish feed-back inhibition from the effects of 
dilution and/or reduction in the ena, of PRPP due to conversion 
of guanosine to GMP (if this occurs via hypoxanthine-guanine phospho- 
ribosyltransferase). (4) There was less radioactivity in catabolites 
in the formate plus guanosine experiment, in the xanthosine and 
allantoin fractions in particular, possibly associated with better 
Survival in the presence of supplement. (5) The nucleic acid adenine/ 
guanine ratio could not be calculated for the formate plus guanosine 
experiment since no radioactivity was found in guanine. In the 
control experiment, shown in Table V-4, the ratio was much higher than 
in the absence of the supplement. Since a much higher ratio was also 
obtained in an inosine plus guanosine experiment with wild-type 
(Table V-4 also), it appears that guanosine has an inhibitory effect 
on either IMP dehydrogenase or XMP aminase. Snyder and Henderson 
(1973b) have found that elevated concentrations of GTP have an 
inhibitory effect on IMP dehydrogenase in intact Ehrlich ascites tumor 
cells. 

At least some of the anomalies in the purl-1 data may relate to 
a secondary hypothesis concerning the mutant; Falk (1973) noted that 


purl-1 (in contrast to purli-2) is better supplemented by guanosine than 


irae 


Fe i 


age vot ‘abana si: 


4a bibs ‘ak de vod fe 


dein c 6 ‘ht Sena 
Ay 


gas | hear hake ah eo Paiewier ie 


were ous, ME: wee 


wits EY GOR eile. ES 


(ataiios oF eyb SIRT do ish. ide tigi ‘ot te 


‘4 


cal Rice f mee 

el : We u 
<a ghee es Me dear m i TB) Be. 
iycanteecol Biv eee 9 that. i 


ernie <a wit ve | 
isitodwoen he 4 rhy ; jowal pe die éj , ae aaah J fu 
bit, 4 ag af i alte t y 3G Rerhaiv ithe ieee es | 
. tate seb tis TE aa soieed dite Hq hola: ik neat : 194 | 
~ \aithobin b Hany ope : nes rae aS coms % —— 
itd 
ent dd 
si a : : 
: | Onytaiben ae | heey agi J vet subs ny 
4 WP CESAR Lishrth te dire peed i: dveniane: ae ont: a ’ 
ade nbinoll Wire: yet yy al Beni hy, a. te. tng ty a 
ae ne yen, TPT + oa) ea revi sedy stent ‘pte: 
Sh haGMN: £4 71s hp saat sh + oth uae ie aetna 1 nea « 


ae | a hea | (a i if My 
} = 2 


POE ais hen. wet ofy a aad ah qt 4) hii it ye oe soiek | 


‘i 
hetow CA Q E} AL og 


by adenosine and that, purl-1/gua1-1°* heterozygotes are slow to 
develop. Both findings suggested a partial block in the conversion of 
IMP to GMP. Perhaps the simplest interpretation of the present study 
in light of this suggestion is that the mutant possesses an alteration 
in one of the two enzymes involved in GMP production from IMP, such that 
it is both hyperactive as well as more sensitive to inhibition by 
guanosine. This would account for the lower fractions of radioactivity 
in nucleic acid guanine and acid-soluble guanine nucleotides in the 
formate plus guanosine experiment, and for the lower nucleic acid 
adenine/guanine ratio in the hypoxanthine experiment. Also consistent 
with this hypothesis is the very low adenine/guanine ratio in the 
acid-soluble pool in the glycine experiment compared to that found with 
puri-2 and ade2-1 mutants (Tables V-6 and V-7). 

Experiments with the purl-2 mutant revealed only two results 
compatible with the original hypothesis that the larvae were deficient 
in de novo purine synthesis. First, the fraction of radioactivity 
found in acid-soluble nucleotides in the formate experiment was about 
half that found in the wild-type experiment (compare Tables IV-6 and 
V-6).. Akso, the nucleic acid adenine fraction was 35% for the mutant, 
compared to only 25% in the wild type. These findings are similar to 
those in the purl-1 formate experiment and the same discussion applies 
to pur1-2, with the exception of the increased nucleic acid adenine 
fraction. The other result compatible with the original hypothesis 
was the increased fraction of radioactivity in both nucleic acid 


purines compared to the wild-type in the hypoxanthine experiment (see 


Tables IV-3 and V-6). 
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Table V-6 
Metabolism of Radioactive Precursors in purl-2 Larvae 


re errr eC ge 


Percent of total amount metabolized 


Metabolite Glycine Formate? Formate Hypoxanthine® 
(+ Guanosine) 
Nucleic Acid Adenine* 57 ase 34 24 
Nucleic Acid Guanine* 9 19 2 16 
AMP + ADP + ATP 13 aly 28 41 
GMP + GDP + GTP ay, 4 4 
IMP 0.9 2 6 
XMP 0.3 0.7 1 0.3 
AMPS 0.1 d d d 
Adenine + Adenosine 0.2 0.4 0.7 2 
Hypoxanthine + Inosine 0.8 0.8 0.6 1 
Xanthosine 3 ve 3 0.3 
Guanine + Guanosine 5 1 0.5 0.7 
Succinyl Adenoisne d d d 1 
Xanthine e 0.2 0.2 3 
Uric Acid 2 4 Bs 1 
Allantoin 1 12 14 0.1 


a) Only Day 2 data shown 
b) 1 mM aminoimidazolecarboxamide added 
c) 0.5 mM allopurinol added 
G@) Not measured 
e) No measurable radioactivity 
£) Nucleic acid adenine/guanine: Glycine: 6.6 
Formate: 1,9 
Hypoxanthine: 1.5 
Formate (+ Guanosine): 17.5 
g) Precursor excluded 


h) Underlined numbers represent values which are very different 


from wild-type. 
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Findings which were inconsistent with the original hypothesis 
were: (1) the substantial incorporation of radioactive glycine (see 
Table V-3), and (2) the high percentage of radioactivity in IMP in the 
formate plus guanosine experiment (see Table V-6). 

These experiments showed two results which appeared unrelated to 
the hypothesis being tested, these being: (1) the increased catabolism 
characteristic of the formate experiments (see Table V-6), and (2) the 
increased amount of radioactive formate which was both recovered and 
metabolized in the experiment supplemented with guanosine (see Table 
V-3). As in the case of the purl-1 mutant, this latter difference from 
the wild type may be a result either of the detrimental effect of the 
Supplement on wild type or of its beneficial effect on the mutant in 
terms of growth. 

The two purl nutcase are allelic and hence might be expected to 
produce similar results in these experiments. However, there were 
several differences: (1) the amount of glycine incorporation into FGAR 
in the presence of guanosine and azaserine was similar to the wild-type 
value rather than elevated as in purl-1 (data not shown); (2) in both 
formate experiments with purl1-2, the allantoin fraction was much higher 
and the uric acid fraction much lower than in purl-1 (Tables V-5 and 
V-6). Other differences in adenine/guanine ratios were probably due to 
the previously mentioned differences with respect to supplementation and 
complementation. 

The basic cause of the auxotrophy of these mutants was not 
revealed by these techniques, although it is apparent that there is 
some difference between the two in the metabolism of guanine nucleo- 


tides. There was some evidence for an alteration of function of either 
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IMP dehydrogenase or XMP aminase in purl-1, but not in purl-2. 


E Behavior of the ade2-1 Mutant 


The ade2-1] mutant was isolated by Naguib (1976) who found that 
it would supplement either with adenosine or with inosine. She 
described three possible explanations for its behavior: (1) a defect 
in one of the enzymes of de novo synthesis; (2) a defect in AMPS lyase, 
needed for both de novo synthesis and synthesis of AMP from IMP; or 
(3) two distinct mutations, since mapping data were ambiguous. 

There was very little evidence in the present study to support 
any of these hypotheses. In the guanine experiment the nucleic acid 
adenine fraction was lower and the nucleic acid guanine fraction higher 
than in the control experiment (Tables IV-5 and V-7). In the guanosine 
experiment, the acid-soluble adenine nucleotide fraction was lower 
than in wild type. The results are consistent with, but not supportive 
of the hypothesis, since they are presumably dependent on GMP reduct- 
ase activity which was very low in wild type. 

The majority of the results shown in Table V-7 could be explain- 
ed if the mutation resulted in a reduced activity of guanine deaminase. 
(1) In the formate experiment, a high fraction of radioactivity was 
found in the guanine plus guanosine fraction (compare with Table IV-6). 
(2) In the guanine experiment, the fraction in uric acid was much 
lower than in the wild type, and the guanosine and allantoin fractions 
were higher (Tables IV-5 and V-7). (3) A relatively large percentage 
of the amount metabolized in the latter experiment was found in 
guanine (Tables IV-S and V-7). (4) There was a much lower fraction 


of guanine which was metabolized (Tables IV-2 and V=3)" 
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(5S) If the reduced activity were to give guanine phosphoribosyltrans- 
ferase a competitive advantage, the increased fraction on incorporation 
of radioactive guanine into nucleic acid and acid-soluble nucleotides 
would be explained. 

Wyss (1977) has shown that toxicity of guanosine to cultured 
Drosophtla cells can be counteracted by adenine, adenosine, or inosine. 
If the proposed reduction in guanine deaminase resulted in toxic 
concentrations of either guanosine, or more likely guanine nucleotides, 
Wyss' finding would neatly explain the auxotrophic phenotype (Naguib 
did not test adenine). It would also explain a number of findings 
which were inconsistent with her hypotheses. (1) There was a 
substantial amount of glycine found in purines shown in Table V-3. 

(2) The nucleic acid adenine/guanine ratio in the glycine experiment 
was even higher than for the purl mutants (Tables V-5, V-6, V-7). 

This makes it appear that ade2-1 makes more rather than less adenine 
nucleotides relative to guanine nucleotides, which could conceivably 
represent an attempt on the part of the organism itself to counteract 
the increase in guanine nucleotides (probably via the inhibitory effect 
of these compounds on IMP dehydrogenase; see Snyder and Henderson, 
1973b). However, since the reason for the elevated ratios in the purl 
mutants is unknown, this even greater elevation has to be considered 
enigmatic. (3) The similarity of the results of the formate experiment 
to the wild type (compare Tables IV-6 and V-7), with the exception of 
the guanine plus guanosine fraction, also seems to indicate that the 
mutant has no difficulty in synthesizing purines. The quite normal 
nucleic acid adenine/guanine ration in this experiment casts further 


doubt on the significance of the elevated ratio in the glycine exper- 
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iment and the reduced ratios in the guanine and guanosine experiments. 
(4) In the formate plus adenosine experiment, the increased nucleic 
acid adenine/guanine ratio is surprising in terms of Naguib's original 
hypotheses. In wild-type experiments, this ratio was similar with both 
formate and inosine as precursors; when inosine was supplemented with 
adenosine (data not shown), the ratio was reduced to about 1.3. If 
IMP dehydrogenase (or XMP aminase) were inhibited by the higher guanine 
nucleotide concentrations, this relative increase would be understand- 
able. : 

Inconsistent with the hypothesis proposed here were the findings 
that (1) the nucleic acid adenine/guanine ratio in the formate 


experiment was normal, and that (2) the fractions of radioactive 


hypoxanthine found in all metabolites were similar to the wild type. 


F Behavior of the gua2-1 Mutant 


The gua2-1 mutant was isolated by Nash (Johnson, Nash and 
Henderson, 1977), who found that it could be supplemented only with 
guanosine. His theory that the mutant is defective in one of the two 
enzymes which produce GMP from IMP received some support from the data 
presented in Table V-8. 

In both the hypoxanthine and the inosine experiments, the 
adenine/guanine ratio in acid-soluble nucleotides was greater than in 
the wild type (Table IV-3). In the hypoxanthine and the inosine plus 
guanosine experiments, a higher fraction of radioactivity was found in 
adenine plus adenosine than in the wild type (Tables IV-3 and V-2). 
Also consistent with the original theory was the very large nucleic 


acid adenine/guanine ratio in the inosine plus guanosine experiment. 
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If, as was previously speculated, guanosine has an inhibitory effect on 
one of the two enzymes involved, it is not inconceivable that the 

enzyme affected might be the one which aiso possessed a reduced activity 
in the mutant, causing the much higher adenine/guanine ratio in the 
mutant. 

Possibly inconsistent with the hypothesis was the finding that 
the nucleic acid adenine/guanine ratios in the hypoxanthine and inosine 
experiments were approximately the same as the wild type (Table IV-3). 

The increased catabolism in the hypoxanthine, inosine, and 
guanosine experiments may be correlated with the generally unhealthy 


phenotype of mutant larvae. 


G Conclusions 


Evidence was presented which suggests that the qade2-1 mutant may 
have a reduced activity of guanine deaminase. In general, however, 
there was very little that could be concluded definitely about the 
results of the biochemical studies performed on the mutants, except 
that the cause of the auxotrophic phenotype in Drosophila appears to be 
much more complex than that involved in auxotrophic counterparts in 
microbes or in isolated cell lines. Tissue specialization is a key 
factor in development and evolution of such an organism; thus it 
appears most likely that tissue differences either in terms of product- 
ion or utilization of purines are responsible for the failure to detect 
clear-cut, consistent differences which would define the cause of the 
auxotrophy. 

A more fruitful means of investigating the bases of the 


auxotrophy of the purl mutants, therefore, might be the culture of 
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individual tissues and/or organs, using similar radioactive tracer 
techniques to determine blocked pathways. In the case of ade2-1, an 
assay of guanine deaminase would provide important evidence either for 
or against the hypothesis presented here. Work is proceding in Nash's 
laboratory to test IMP dehydrogenase activity in the gua2-1 mutant, 


with thus far promising results (Nash, personal communication). 
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